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-

This document contains a final report of research done on Contract No.
F49620-83-C-0096, entitled ''Research on Turbine Flowfield Analysis Methods'.

The initial effort was presented in an intefim report (Ref. la), and a re:ent

.
LA N

summary was given in Ref. 1b. Technical effort was curtailed for a perir | of time

PR

when the Principal Investigator (Dr. W. J. Rae) became a member of the culty
- in the Department of Mechanical and Aerospace Engineering at the Stat uversity
> of New York at Buffalo. Arrangements were made to resume the effort : he

. University on a subcontract basis and a no-cost time extension through e end

A8 ARAADOEIN AN AT R L
. .
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l."‘-
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of 1984 was granted to facilitate completion of the program. The progr. remained

3
P

v
By %y 'y e

under the direction of Dr. Paul V. Marrone, Head, Physical Sciences Depa. “ment,
Calspan ATC.

4

This document contains the completion of the work initiated in Ref. 1.
The results presented make it possible to generate computational grids for
.. cascades of high solidity, and to calculate the imcompressible potential flow

on such a grid.

X la. Rae, W.J., 'Revised Computer Program for Evaluating the Ives Transformation
" in Turbomachinery Cascades' Calspan Report No. 7177-A-1 (AFOSR Report No.
Sy TR-83-1284) July 1983

. 1b. Rae, W.J. (State University of New York at Buffalo) and Marrone, P.V. —
. "Research on Turbine Flowfield Analysis Methods'  Calspan Report No. 7177-A-2 s ;§i
e April 1984 NN
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Section 1
INTRODUCTION

Some of the most important recent advances in computational fluid

;{ dynamics have been made possible by the use of algorithms which solve the

equations of motion in boundary-conforming coordinates (see, for example, Refs.

] 2-4). Thus, the development of methods for carrying out these coordinate trans-

: formations has received considerable attention (for example, Ref. 5).

The field of turbomachinery flows has been the object of a major fraction of

this attention, partly because the constraints imposed by internal flows make

the application of certain contemporary algorithms more difficult than is the
case for external flows. In particular, the presence of non-orthogonality or
shearing in the computational grid tends to make the algorithms less stable, and
the solutions are more sensitive to the methods used for treating, in the com-

\ t’ putational plane, the regions corresponding to trailing edges and the points at
upstream and downstream infinity. References 6 § 7 are typical of one ap-
proach to the resolution of the latter class of problems, The net conclusion
drawn from that work is that there is a need for improved grid-generation tech-

. Il niques for turbomahcinery, particularly with respect to the treatment of
trailing-edge regions and to the achievement of orthogonal grids.

The grid-gsneration methods in use today can be grouped into three
categories: those which apply algebraic shearing or stretching of the coor-
dinates, those which are generated numerically by solving a Poisson equation,
and those which are based on conformal mapping. The current research is con-
cerned with an example from the third category, namely the transformation intro-

duced by Ives and Liuternoza.g’g’lo

. Attempts to use this method, as reported in

b Ref. 7 encountered the problem of non-orthogonality, especially when applied to
the high solidity blade rows typical of present designs (slant gap/chord ratios

on the order of 0.7 or less). The primary goal of the present research was to
extend the Ives-Liutermiza technique so as to apply to turbine blade rows of

) high solidity.
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t! As the first step in achieving this goal, an Interim Report1 was _
prepared, documenting a number of improvements that had been made since issuance ﬁggi?
of Ref. 9. The version of the method presented in Ref. 1 also segregated the A
o portions of the method in which the improvements, to achieve orthogonal grids
at high solidity, were to be made. .

The principal modification contained in the present report is the re-
placement of the Theodorsen-Garrick mapping (used as one of the steps in Refs.
1,8-10) with a derivative form, as suggested by Bauer et al(ll). Use of this
- replacement makes it possible to handle blade rows of high solidity. In
addition, a further step involving the Schwarz-Christoffel transformation can
be used, to generate a fully orthogonal grid. These new developments are de-

il scribed in Section 2 (along with an updated version of Ref. 1, and 8-10, for
completeness).

The potential flow through a cascade of blades can be written down
algebraically, once the cascade has been mapped into a unit circle. This in-
I I' formation has been added as Section 3, using one of the mapping steps in which

the blade-surface image is mapped into a circle.

The final sections contain a description of the computer code and

! .l comments on its range of applicability.
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Section 2
CONFORMAL TRANSFORMATION METHOD

The method of Ives & Liutermoza consists of a sequence of transforma-
tions, which map a two-dimensional cascade into a rectangle. The notation and
coordinate system used to define the cascade are shown in Fig. 1. The X -co-

ordinate is measured in the axial direction, and % is perpendicular to X .

4

n &

ZLE

Figure 1. Coordinate System

The quantities s , n and the angle ¥ denote the "streamwise, normal’ coordinates,
in terms of which the blade profiles are sometimes defined. These reduce to

the X, Y set if H is taken as zero. The origins of both of these coordinate
systems are arbitrary.

These coordinates define complex variables 2 and # .
Z = S+in | 2 = KTy (2-1)

The points ZN and ZT are taken anywhere near the centers of curvature of the
leading and trailing edges, while ZLE and ZTE are points which divide the
"pressure' side of the blade (i.e., its concave surface) from the '"suction"

side (its convex surface). These points can be chosen anywhere on the

. e e v,
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leading- and trailing-edge contours; ZTE is the point that will be connected =

to the "point" at downstream infinity by one of the grid lines, if that option %}Ef.'z,.

is chosen (i.e., ISHEAR=1). R
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For the case of a sharp trailing edge (ITE=0), ZT must equal ZTE, Cad,

aad and for a sharp leading edge (ILE=0), ZN must equal ZLE. The included angle L" gt

' at a sharp trailing edge, T , must be specified. This is illustrated in S

- Fig. 2, for the cascade used in Ref. 7.
r

Figure 2. Blade Geometry of Ref. 7

This blade row uses the NACA 65(12)10 profile, has a slant-gap chord ratio
- SC\/C = | , where SG is the slant gap

RO
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SG = AH*+G*? (2-2)

and a stagger angle ¥ of 28.4°. This geometry is used, below, to illustrate
the steps in the Ives transformation. A comparable set of illustrations, for

a cascade of turbine blades with rounded trailing edges, is given in Ref. 10.

Figure 2 shows the relation between the trailing-edge angle T and an
exponent £X (which 1is used in one of the transformation steps described below).
This relation applies only for a sharp trailing edge. For a rounded trailing
edge, £X is not related to the 180-degree trailing-edge angle, but is chosen

as a number in the range 0.2 to 0.4, as described below.

The blade shape is input as two tables of coordinate pairs, one for
the pressure surface, and one for the suction surface. These coordinates, plus

the leading- and trailing-edge points ZLE and ZTE are then arranged in an array
indexed by KJ, where KJ=1 at the trailing edge, and where the numbering pro-

ceeds around the pressure side to the leading edge (XJLE), and then along the
suction side to the trailing edge, where the point denoted by KJMX is a repeat
of that denoted by KJ=1. This notation is shown in Fig. 3.

25 4,

oy 7 A’°7

=

ZLE — 5
(KT = KJILE)

j(KJ’ = 1 ¢ KkIMX)

Figure 3. Notation for Blade-Surface Coordinates

The quantities KJS and KJP need not be equal; they are limited to a maximum

value of 80 by a dimension statement in the current version of the program.

The first step in the Ives transformation is
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The fact that only differences of 2 -values are used is what accounts for the
arbitrariness of the origin in Fig. 1. On the suction ( 5 ) and pressure ( P )

sides, the function g(Z) has the Fortran equivalentss
3 q

RDS (K) eirws(x)

(2) = : (2-4)
3 RDP(K)C‘TNP(K)

The arguments of the sine functions can be written in a simpler form,

as follows: AZ (H-i(6)
:1 3 - ™ 2 2
, H‘+ &
7z' .
=S—G{&AZ.MX+JMAZ~GN)’

i [J‘mAz'A;nx—ﬂlAZ-wbj]} (2-5)

where Az stands for Z-Z_ or £-2, in the expressions for &

, and Z, , respectively.
By noting that (see Fig. 4)

#‘r s‘n.‘"'x"é’
n~ ,
\ ( 3 X-X, = Sceod ~n.un ¥
3 Y-y, = Sam¥ + n cooy
(X,,t;,)’ﬂ/'
\ - X

Figure 4. Coordinate Relations

ST AT T

L N T N T D e T S R N e S A PP

A SRR S TRPCIIPLA PSSP/




. ., " . .
DAk AT e ARt L TN AN I TN TR TR e N e

; ﬁ L
' ]
: Y
E‘. .. ’
o é ‘..
: . : e
! ﬂ it follows that s
AN Z = Zd(s-5) acm¥+ln-n_) wx+i[(n n.) semd - (s- "“'.:
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Thus the function % can be written as

I -
U sivh [‘s'q (2"\( 2%‘(?‘)]
.‘ -.’ - ‘f
- s [—s'z_.” (2w - E,‘V,ﬂ]
i he = ‘
: . where Z*,(_‘_; N )(_‘_) N o+ u& -~
. The shape of the blade-surface image in the g-plane can hest he

illustrated by considering a cascade of airfoils consisting of flat plates

) ) with circular leading and trailing edges:

2¢,

FIGURE 5 NOTATION FOR FLAT-PLATE CASCADE

....................................................................
............................
...........
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For points 2 . that lie on the circle at the trailing edge, the corresponding e
! . IS AR A
location in the ? -plane, to first order in Y% , is N
i ( 4/ ) ‘.".\'7_\1
i - ‘_":'::.‘,i
s = U p
sg R : —

where

z Mz(;; Cc‘l{) :Z m.w\()q- ok (I—C- W”\/)/‘”‘" %M‘)

)
i

v ook = (F )

The variation of/@ with */ and SC"\/,_ is shown in Fig. 6. For points Z_ .
that lie on the circle at the leading edge, the corresponding relation, to first

order in f:‘ , is

sa & _(mrp-d)

1= =

Along the upper surface of the flat-plate portion of the airfoil, the coordinates
in the physical plane have the values:

L () Y

where I" is measured from #, .+ and T from 2 oy , and
r+ T =C

The resulting formula for % shows that at midchord (i.e., = Q'-‘-C/l), ﬂ=

These general features of the ﬂ-plane are shown in Fig. 7, for a
negative stagger angle. Note that a clockwise path around the airfoil, starting
from the trailing edge, leads to a clockwise path around the small circle in the
? -plane, followed by a transit to the large circle along one side of the flat-

plate image, and then a counter-clockwise path around the large circle, and back
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V.

to the small circle along the other side of the flat-plate image. For blades
of finite thickness, the flat-plate image becomes a pair of lines, which fair

smoothly into the large and small circles.

In writing the polar angle of any point in the ﬂ-plane, care must
be taken to retain continuity across the cut (along the negative real axis)
that is used by the FORTRAN ATAN2 function. This is achieved by writing:

an'&[ﬂ = ATAN :).[IMAG(‘D) eeaL(:z)I + 27 0 BR

where the 'branch number' BR is set equal to zero at the trailing-edge point

K T=1 (or KT=2for a sharp trailing edge) if the value returned by ATAN2 at this
point is positive (and BR is set equal to -1, if the value returned is negative),
and where A& is incremented/decremented each time the branch cut is crossed

in the counterclockwise/clockwise direction. For a sharp leading edge, the
increment occurring at the leading-edge point must be added specifically, since

the radius of the large circle in the 7-—p1ane is infinite for this case.

The next step is the exponentiation, defined as:

Y
a = [q)] . K= 2-Lt = ExIny = L (2-8)
? EX

v

The result of this step is shown in Fig. 8, for the cascade depicted in Fig. 2.
The value of E% for a sharp trailing edge is fixed by the angle T ; for a
round trailing edge, a value of EX in the neighborhood of 0.2 to 0.5 will
usually reduce the variation of 4’11_11 so that the resulting curve in the {2 -
plane will have a polar radius that is a single-valued function of M‘Aﬁ' near
the trailing edge.

The next transformation is a bilinear one, whose purpose is to produce
a curve in the « -plane that can be mapped into a unit circle in a subsequent
step:

(2-9)
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where @, b , and € are complex constants. Three conditions must be assigned,
in order to evaluate these constants: Ives suggests? for two of them, that

the images of upstream and downstream infinitv be mapped into w=%1 . As

the third condition, he recommends that the centroid of the blade-surface image
in the w -plane be forced to be close to the origin. This condition was applied
in Ref. 9; however, it has been found simpler to impose a condition on the

ratio between the maximum and minimum radii in the w -plane, as outlined below.
The calculation of the centroidal location has been retained in the present
code, for informational purposes. (Details on how this is calculated can be
found in Ref. 9).

The locations of the images of upstream and downstream infinity in

the 7 - and {1 -planes can be expressed as follows: in general,

*

' _A,;L;";'-(q-ktf)}m[‘sz(*-*f\] -] g (440wt [ (x-x))

(z, )= = = KE — . (T .
)= IE (44a) (T v -0 con [ (gl o[ (o -]

As x—»-cwat finite % (see line (D) of Fig. 9), the large-argument approximations t:::"::':
YA NS
to the hyperbolic functions give A
et
L ORI
- - - 2 ‘ LNy

g = ok | T (-2 2
Similarly, as w—»+wat finite uj (see line @) of Fig. 9), the corresponsing p..
limit is f:f:fi

%(1—05) = e.,_‘) {- = (2, - E"hi

These are written as

G - -( R . ; . K
gC-w) = & (5-8y) 0 &3, XK e

n
0
n

(2-10)

7(*@) = e'x"(e"x""( (2-11)
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where

X K = J,,,(;’-;;). ga{/&(zT-I,,)wl-Jm(i‘,-ZN)A;na(}

X, K = RlZ,) = - %{&(ET-EN)MY+ J-..(z,—z,‘)mX}
Thus
£ - o) =¢ ¢ o= (+)] - e e
= [g¢-e] ; (g (2-12)
Note that
+ -
o 0 = 1

The constants & and b can be expressed in terms of C by the two equations:
-1~ -

=z [l
-1-b
7% =
L 1-b
The solution is:
-2c+a + 0t a’
b = - . a = 1"(1“b) ‘C"'
n -
2-13)
= ~EFEec+F 3 = 'é?'- F (2-13)
where E and F are known quantities:
at+ "
E = f y F 2 —— (2-14
£ -0 027 - 2
15
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In terms of the parameters E, F , and ¢, the transformation can be written

as
o . E-Fe +(Ec-F)n (2-15)
c -
a = (w+F)ec - E (2-16)

w=-F + Ee

The latter relations can be used in an iteration procedure to find a value of

€ that will minimize the ratio RMAX/RMIN, where RMAX and RMIN are the maximum

and minimum values of jw/ over the set defined by KJ=1 to KJMX. The iteration

process is as follows: on alternate iterations, values of ¢ are chosen that

will either reduce RMAX or increase RMIN. This is done by solving Equation 2-16

for ¢ : '
Qw+E-F

C = (2—17)
w+F - En

On the first iteration, C = | +¢ is used; the values of RMIN and the index

KJ=KJMN at which it occurs are then found. Next, a new value of ¢ is calculated,

using Eq. 2-17, such that the new value of ) (KJMN) will equal 1.1 times the

value just found. For this new mapping into the &w-plane, the value of RMAX

and the index KJ=KJMXX at which it occurs are found. For the third iteration,

a value of C is used such as to generate a new value of w (KJMXX) equal to

0.9 times the previous one. This alternating cycle is then continued until

the ratio RMAX/RMIN is less than the tolerance RTOL. This tolerance 1is assigned
a default value of 3.0; values up to 6.0 have been handled successfully by the
subsequent steps in the transformation.

The iteration on C can be bypassed, if ¢ is already known, by setting
IGOT=1 and reading in the value of ¢ . Figure 10 is the «w -plane for the cascade

shown in Figure 2.
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Next, the blade-surface image in the ) -plane is mapped into the unit
: circle in the T -plane with the trailing edge at T = 1 by either of two methods. ?'Jv',
The first is the Theodorsen-Garrick transformation: ::::::Cg.:-;
o A
) N : , PCOREY
B . - : . 3 r‘.‘.'-:-: .I‘
Ww = G ayxp { Z (141 + LBa) 4 } (2-18) e
L) i=° ...
. . AT
To determine the coefficients, the values of c«w and 4 on the blade surface el
are written as e
o - "¢ - :' > a
w = re)e , § =1e (2-19) )
Then the real and imaginary parts of the transformation are <
i; N , . .
dnr = A+ 7T [ﬁim1¢-33'4vngd>] (2-20)
. »j*l
N . .
| 6 = ¢+B°+Z' [njwécb +33w»}¢] (2-21)
e ‘3‘
N i
| m
}
)
b )
FIGURE 12 INTRINSIC COORDINATES :;‘-'_'
19 =
) ) ’
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l !J The coefficients are then determined by the following iteration procedure:

l-l.l
W
'l .

an equally-spaced array of values of ¢ is set up, and all the coefficients

»
'l.‘

- ar< initially set equal to zero. Then the second equation gives & = ¢ as

1"?_' v
v 5
{'l.

A
<

.

i the first approximation for & . For each of these values of § , a corres-

- ponding value of Anr can be found, from a spline fit to the coordinates of
the blade-surface image in the w-plane. These known values of Imr are then
used in the first of the equations above, to find the next approximation to

the Qi and 3# coefficients. These coefficients can then be used to give the
next approximation to &(¢), and the process is continued until convergence

is reached, to some preassigned tolerance. Fast Fourier transform tech- )
techniques}2 can be used in the processes of evaluating the second equation, for

known values of the coefficients, and of determining the coefficients from

the first equation with known values of Lnr . These techniques were applied

in the present calculations. The details are given. in Appendix A.

Sufficient conditions for convergence of this iteration process
have been discussed by Warschawski.l3 For the present case, these conditions

are not met; in particular, it is required that the meximum and minimum values

of r (8) obey the relation:
RMAX R MAX

-1 < 0.295 or —_— < 1.678 S

KRMIN RMIN R

This condition is seldom met in practice. It was found, however, that the

iteration process would converge if a relaxation parameter was used. i.e.,

12. Cooley, J.W., Lewis, P.A.W., and Welch, P.D., "The Fast Fourier Transform o
Algorithm: Programming Considerations in the Calculations of Sine, e -
Cosine and Laplace Transforms', Journal of Sound and Vibration 12,
(1970) pp. 315-337. -

13. Warschawski, S.E., "On Theodorsen's Method of Conformal Mapping of
Nearly Circular Regions', Quarterly of Applied Mathematics 3, (1945)
pp. 2-28.
20




if a relaxation parameter was used, i.e., the values of @ called for by the
second equation [ called ©*1 were not used in the first equation, but were
replaced by enew =0.16" +0.96 old" With this relaxation factor, the
iterations were convergent: after 68 iterations, the maximum change in any
of the values of 8 was less than 10”2

radians. The variation of & with @ is
shown in Fig. 11. Calculations for other cases, not shown here, have required
relaxation factors as low as 0.02 for convergnece. A recent review paper by

Henrici (Reference 14) calls attention to the applicability of under-relaxation
in this problem.

NI

When the solidity is high, the curve of & vscﬁ becomes extremely steep; _*E:Y

b A

typical results, for a gap/chord ratio of 0.8, are shown in Ref. 10. For such E:}n‘

cases, a preferable approach is to use a derivative form of the transformation11 .

: ] NN

| Y TS

) ‘ T

‘x K ,\ =0 '-‘:\'.\-'.
-_!-q_‘.;.‘,

-_':_' L%
RIS

To determine the coefficients, the ) -plane is expressed in terms of the intrinsic
coordinates § and,& , where § is arclength measured from the trailing edge,
and,% is the angle between the real axis and the tangent to the curve (see Fig. 12).
The relations between the intrinsic coordinates and the polar angle qbin the

Z -plane are:
S R ¢

. » . do
s= |, et =1 || 4
since[clf\ = d).cf and
_ - PRI
¢ymz f&i%— = ﬁyhz Ao - ﬁﬁ“g a8 = /6 <'CF 2)

If the Fourier coefficients are written as

Then the basic equation can be split into its real and imaginary parts as:

v

v

14. Henrici, P., "Fast Fourier Methods in Computational Complex Analysis",
SIAM Review 21, (1979) pp. 481-527.
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The coefficients :D} are then found by the following steps:

v %)
.

v e, _‘;
N
YT,

1. ﬁ) and S are found from the numerical data that define the

blade-surface image in the w -plane :‘f."w
2. A first guess at [/ AT | is made, at equally spaced points NN
on the unit circle in the ¥ -plane. P—

3. The corresponding values of the arclength are found, from

Swax <\>
e LI

4. A spline fit of the /6/ S data is used to evaluate, at the

k)

equi-spaced <# -values, the quantity:

wg b s b= (42702

S. The Fast Fourier Transform is then used to find the coefficients
which fit the data of step 4.

6. These coefficients are then used (again with the FFT) to

evaluate the next approximation to /d‘)/v‘-fl , and steps 3

through 6 are repeated until convergence is achieved.

The details of this procedure are very similar to those involved in

the Theodorsen-Garrick technique; the FFT steps described in Appendix A can :{3:_5
"o

be taken over, with only minor changes. 'r\"\.'
r\.f\.‘

LYY

SN

This procedure was found to converge in 15 iterations (to an arclength atat

error less than .03) without relaxation. The resulting variations of § and/?) -:-‘;:-‘
with ¢ are shown in Figure 13. ’ S
e

22 s
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S The next transformation is

N
'
R

(2-22)

o }
[l
Y
N
'
™

' U where o, B, and ¥ are chosen so as to place the images of Z =+ at n
= +.5 , while the blade surface continues to be the unit circle. These images
. ) are located, respectively, at w=+1, and Z = ‘A"'a' Explicit formulas
’ for oo, B, and ¥ in terms of Z, and Z, are given by Ives as

} 2

- 2 - |30+ 2g)° +212a%s)
r X = 2
I‘H_ 43'

- S = M{Wx+1/;‘-_r'l' ,’\ﬁz-ﬁ_‘-—r'll}

2%a4g *[52(;;1‘45) - (La0+44)]/ Zn
S (g,-%4s)+(4a+18g) -2/%,

- 24343 ‘“(49‘*45)
~ 4ﬂ+48—2“

= én - ,3
J 5 49 - (2-23)
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Mokry (Reference 15) has pointed out that the formula for < can be simplified,
as follows: define

Ga Z!"

gn'éa

Then
c-Sliel L,
i€l g, ~S¢C

S = Icl - licr?-y , .4

1Cl “SC 45

G Icl 24 =~ SC (2-24)

g C - Slci
¢ -Sicl g,

L =

The computer program described below does not use these simplifications.
[ 4

Next, it is necessary to find 7, and Z,, given w = 1. This
was done by Newton-Raphson iteration:

(n+1) (m G)
dg

where for the Theodorsen-Garrick procedure

§=o

dé  w N . 4
1T - ?.P+£1ﬂ@+ﬁag}

15. Mokry, M., '"Comment on Analysis of Transonic Cascade Flow Using Con-

formal Mapping and Relaxation Techniques', AIAA Journal 16, No. 1,
(January 1978) p. 96. —_
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- In order to find an initial guess for & , a preliminary calculation was made,
: for
EC:: I1Z1 = 0.49 (.1) 0.99, argZd = -60° (10°) + 60°
From this set, the value of Z which gave wnearest to +1 was chosen as the
g - initial guess. This set was then repeated with Z replaced by - g , to obtain

the value of Z that gave w nearest to -1. The locations of key points in the

o & and 7 planes are shown in Fig. 14,

S When using the derivative form of the &) § transformation, it is
-- necessary to integrate the derivative OL“Ocit ; this was done using Simpson's
Rule, starting at the trailing edge:
t §
i

The equations used in this case for the Newton-Raphson procedure are

- T A .
- s == A - O
G() = et S, a5

. N
- %-‘-‘ %7- e‘/—"é.obqtao
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When the values of %y and gz are known, the blade-surface-image points .F&T"ﬁ
can be mapped from the Z -plane to the /] -plane. In both planes, these points - *_-:.?‘
- are located on unit circles, so it is only necessary to interpolate in Fig. 12 ‘f\r.:ﬁ\:-;.
to find the § -values for the points defining the blade surface. This is done
} P with a call to the spline-fit subroutine, and the values returned by it are
replaced by linear interpolation in regions where the &, ¢ curve is so steep

. that the spline fit returns non-monotonic values.

The final transformation now uses an elliptic function to map the

unit circle in the r -plane (with cuts along the real axis from *S to the
- circle) into a rectangle:

——

n =358 5n (?,1&) (2-25)

- where the parameter % is given by

2

R =9 (2-26)
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: Figure 14 The Z and /] Planes
i . The inverse of this transformation is
73
é:' f dt
. o Vi-t® Vi-4£"t? ~ (2-27)
:: - This latter transformation is usedto find the images, in the é -plane,  of
l " the blade-surface points. This requires an expression for the real and imag-
inary parts of the incomplete elliptic integral of the first kind; convenient
- formulae for this purpose are given by Nielsen and Perkins16 who show that,
o if .
: N = S(T+L8§) (2-28)
-
L then - ) ,
. g =F(VX,1@)+LF(V5‘—.1@) (2-29)
T
® where ,
J *® = V-£° = V1-5° (2-30)
-
\: °
t’. 16. Nielsen, J.N. and Perkins, E.W., "Charts for the Conical Part of the
s t Downwash Field of Swept Wings at Supersonic Speeds', NACA Technical
i Note 1780, (December 1948), Appendix C.
R
.
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and where F ( ... ) denotes the incomplete elliptic integral of the first

kind, with real arguments A and ¢~ given as functions of 7,4 and # :

A = [7+zz+6‘3-1[(7—‘tz)z+d“(d"+24-21“)'] [1+7€z(‘t2+6‘2)

~ V-8t 2822 R 4 &‘d‘r)'] /442

These formulae are equivalent to those following Eqn. 115.01 of Byrd and
Friedman;17 the formula for A has heen rearranged slightly from the form
given by Nielsen and Perkins, to avoid the occurence of negative values

under the square root sign, which can sometimes happen in the numerical evalu-
ations when § = 0. These formulas are correct along the branch cuts,
where § =0 and || /S > 1.

Numerical evaluations of these elliptic integrals were done using

twelve terms in the formulae of Luke:18

dt 9= acy

1
Fayg, &) Ef — — = d-zV’
b Vi-t* Vi-kte i Vi- 4% ainty

~ . 1 12 tam-’(d‘mto«n¢)
sz\¢,*) = a—5[¢+22

mst (PM

] (2-32)

17. Byrd, P.F., and Friedman, M.D., Handbook of Elliptic Integrals for
Engineers and Physicists. Springer Verlag, Berlin (1954).

18. Luke, Y.L., '"Approximations for Elliptic Integrals'’, Mathematics of
Computation, 22 (1968) 627-634.
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where

= LY
¢ < 1t/2 ; O, = 1/7-;@344',"2 6.. , 6. = mm/es . 00

For the case where ¢ =711/2 (the complete integral) the approximate formula is &’I‘-’*

. 1?‘ ~§
12 SN A
T - T 1 ")' G
0 - Ereef L]
m=t A A

The signs in the formulas above pertain to the first quadrant in
the r] -plane (T 20,48 2 0), which maps into a rectangle in the first quad-

rant of the & -plane, with sides located on the lines

4 ’ .er:s
Re (5) = K(#) =/ dt ESRONY!
I V-t

LA
2 2 . 2! '_::._-. 4:
Vi-5%¢ AL
. -‘. '.a\‘u
: 7 eI
~ ’ fariye )
I (®) = L kry = dt

2| Toaw = o
2 o 1-t2 Vi-(1-5%) ¢ (2-34) Eji:;‘.-.j-.

The remaining three quadrants in the 7 -plane map into the remain-
ing three quadrants in the g -plane, as described in Reference (19), p. 377; the
cuts from ¥S to the unit circle along the real axis become the left and
right sides of the rectangle in the E -plane:

19, Erdelyi, A., et al. Higher Transcendental Functions, Volume 2, p. 377,
McGraw-Hill Book Company, New York (1953).
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Finally, the g - plane is re-normalized, so as to lie between -1 and +1 on
both axes:
" ] R(E) . 4,.(5) |
| et T T TR (2-39)
2
= A grid is now to be set up in the § plane, and mapped back to
the Z - plane. This process is facilitated by first rearranging the
quadrants in the £ - plane, by using the periodicity of the elliptic functions
¢ as follows: in the first and second quadrants, let & = g , and in the third
- and fourth let & = -(& + 2K (#£) )  and use the relations (see for
: example, Eqs. 122.00 and 122.04 of Reference 17.




a4

5A(Era-sa(E+2k) = s, [-(£+2K)] = sn [-k-(E+K)] 236

The § plane then has the form:

yi £ 4 L fh ¢ d ¢
o L 2 L L 2 /L L L2 2 L L L 7 L L/
16 -

— K (h) —~ LK4)

a
-3Kk) -2kk) - K(k) ] - TK(R)

Figure 16 The & Plane

- Two types of grid can be selected in the & plane: a rectangular one
ll (if ISHEAR=0) or a sheared one (if ISHEAR=1). The latter is the default.

e For the rectangular grid, equally spaced points are assigned, ac-

cording to
A
§a
~
¥

where

R lB) = (K-1) 88, , K= 1,2,...,KMX (2-37)

o (E) = 3 KA (L) AL s L=1,2,...,LMX

LKA ~ 3 K#)

88 et = o, 0 Afimag T Ty (2-38)

Becuase the mapping is conformal, the images of these grid lines will intersect

at right angles when mapped back to the physical plane.

The rectangular grid has the property that in general the trailing
edge is not connected, by a grid line, to the point at downstream infinity.

. However, such a connection is a desirable feature in certain flowfield codes

32
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(see Ref. 7, for example). To allow this feature, ths ISHEAR=1 option

establishes a sheared grid, consisting of the same ~Ln(§)1ines as above, but
replacing the &kCE) lines by a set of parabolas which intersect the blade
surface at 90 degrees, and are displaced ffom a base parabold that connects

the trailing edge to the image of downstream infinity:
re TE

- o - ) + o0

This grid is given by

7

£ = Lkth)-(L-1)aF

1 2 irnag )
gR = ER (TE) + (K-1) Aé:rea.f
~ , 2
. [£,- 3 K'h)] K= 1,2,..., KMX (2-39)
const L= 1,20, LMX
where
[k #)]° ‘ A
const = - ; £ (TE) = fe {{‘ [Kj = 1]}
4 [3K (#) + £4 (TEY] R (2-40)

Some points on these parabolas will lie outside the range
~3K (k) € &, $ +K&#)

When this occurs, equivalent points are found by adding or subtracting + K(#)
the period of the elliptic sine. In addition, the base parabola is always
joined to the lower-left corner of Fig. 15, by subtracting 4K(#) from the
real part of E}E , if the latter is greater than -K(#).

An alternate method o: joing the images of the trailing edge and down-
stream infinity, while retaining an orthogonal grid, is described in Section 4.

It involves use of the Schwarz-Christoffel transformation.
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This completes the definition of the grid in the g‘-plane. Each

of these grid points must now be mapped back to the physical plane. The

first transformation is:

n = '3’5"(5; ) = Ssn(&; #) (2-41)

The elliptic sine of a complex argument is expressed as (Ref. 11, Eq. 125.01)

sn(u+Lv, #)

Sn(w,®)dn(v,®) +icnlu,R)dn(u,®)sn(v,B) cniv, )
7 - Snz(v-,-é') anitu, ®)

The functions in this expression are evaluated by the Arithmetic-Geometric

(2-42)

Mean method (see Ref. 20, p. 571):

Set

and then calculate

= L = va_ 5
Ly = 2 (an-r+ bn-1) ’ bn - an-y bn-1
1
¢p = s (an,-b,,) (2-43)
until € = 0 to a prescribed tolerance (10‘7 was used in the present case.)
Then form
N
dy = 2 -a," «w

and calculate ¢, _, , Py o, .-y Do from

¢n-1 = El' {(pn + W(:;.—:. M @n)} (2-44)

Then the desired results are given by

20. Abramowitz, M. and Stegun, I.A.,
National Bureau of Standards,

Handbook of Mathematical Functions,
Applied Mathematics Series 55 (1964).




These values of 7 are then mapped back to the & - plane
by
£ = BN -y
| Tn-4 (2-46)
and thence to the w- plane by either

N , .
w = g |7 Ay i85 | (2-47)

d=°

if the Theodorsen-Garrick transformation is benig used or by

Y .
Ao
W = wSTAﬁr + J 7’5 flq
gsrAQ'r’

if the derivative form of the o, T transformation is being used. The values
used for the starting point of this integration are as follows: at first, the
equation is integrated fromw=~1 to W=+, (¥ = §a*"<A) so as to establish
the periodic boundary. Then a series of integrations is done, at constant K,
for 'L ranging from the blade surface to the periodic boundary (the values of

§ and & on the blade-surface image were found earlier in the FFT procedure).

These integrations are overdetermined, in the sense that both end points
are known, as well as the.values of the derivatives in between. Moreover, the
integrations used to establish the end points have been done by several techniques
(among them, Simpson's rule and the FFT procedure). Thus the integrations from
a given starting point do not always terminate at the desired end point; when
this occurs, a small adjustment is made, in the values of the derivatives, so

as to guarantee the proper end points.
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‘ Finally, the value of Z*,.,. is found by inverting;

—3

K w-a W wk[g'—% (Z’;v‘?’-’-‘xw)]
: C}(Z‘\ = (1L = (C )

“-b S [_é%é (Zwv - be‘fu)‘l

. whbse inverse is

o
= - b (= Zurn)
- sG e¥p (541 73\\/7') ﬁ e”? (5‘7 a\""'/"}/

ca—

= = |
2w i T
erp (‘ 34 ‘-‘»m—) -9 e (" 5q ?-m>

The final result of this process is shown in Figure 17, for the cascade of

Figure 2. This grid was found using the derivative form of the transformation;
a comparable grid found with the Theodorsen-Garrick technique is shown in
Ref. 7.

For higher solidities, the derivative form of the «.,S transformation
can be used; Figure 18 shows the grid that results for a gap/chord ratio of
0.5. The grid points calculated for the region near the leading edge have been

The basic reason for this loss of accuracy can already be seen at a gap/chord
ratio as high as 1.0 (see Fig. 13): the portion of the blade-surface image
near the leading edge has a nearly vertical slope in this figure. Thus while
the derivative form of the transformation does coverage for high solidities,
the grid which it leads to suffers from a loss of accuracy near the leading

edge.

This loss is aggravated, in the present case, by the adjustment of
derivatives that is made, to enforce periodicity. Near the leading edge, the
adjustmenfs required become significant, and their cumulative effect is to pro-
duce a non-orthogonality at the blade surface. Further study is required, in

order to minimize this problem of inaccuracy near the leading edge.
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omitted from this figure, because they cannot be located with sufficient accuracy.
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FIGURE 18

COORDINATE MAPPING HIGH SOLIDITY CASE




Section 3
POTENTIAL FLOW FIELD

It is possible to write down in algebraic form the complex potential
for inviscid, incompressible flow in the ¥ -plane, and this solution then gives
the flow in the physical plane. The complex potential is (see, for example,
Ref. 21).

N L —c% e Sn et n+s]
W) = e = Q[e j"/-$n+e ’a\n_-s

(1+50)(1=-3SW)
(M+s)(N-53)

where ¢ and u!./ are the velocity potential and stream function, & and (3 are

+e G

source and vortex strengths, o is the angle of attack, and S the parameter

described earlier. The complex velocity is:
: . = S s e X { ]
- ol () e
o, I+3a  4-3Sw nes  n-sy

@ [ S s / (

+i - - = =

T esq 1-sn NS n-s

The Kutta condition, requiring that ﬂW/‘h\=0 at Vg gives the following
relation for & #Q

‘:E‘ < {e-‘.o‘(Y\,l-S‘) _ ecoé (l— 527\1-)}

"y . . & .
& n (\ S ) i =Nz
Putting this back into the expression for pLh//gQw., it is possible to find

a second stagnation point (near the leading edge) at
. YA . o -_\ o
fae'-(‘—:f‘) +/—(%\) (-4 ~ 4S"(:+ZS‘wszac +3%)

yl - or = - — ——
" 25 (em* + 57 e™")

The values of (_1 and & are now found from conditions on the velocity
at infinity; in general, the velocity components « and y- in the «x Lj plane

are given by:
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R any

% |

dw dw M A3 Lo La

u-“-v": b~ —— cmm— em— pr—

Az, A A5 AQ L ALz,

As i,‘( -» + @, the image in the m -place is Y —~+ S; then:

ook
% = ['Qe "'G‘J/(v(-s)
Thus

- (oL
A _QeTHlG dn 0 Qe +i@ 4v AT Lw 4n

ATwt N-s dz.g N-s AT dw LR Az,
But
A M 43 dny 4% Lo
n-s = ———)(r-m= 7). E) (o= ) Z) 4 (nnw
Thus d’;h 43 g0 LW/, AT 17 dolyy AR £ (+00) )

S

via) 55 /la- aw)

By using the approximate form of the A 2,y relation as 2., - @
possible to show that

A0/ga

(w-iv) = - [Qe

it is

F

-y - T sq
Thus

: Q-2 i« .G]
(u-iv) = ___[e sl

A similar analysis shows that

QR 2r vl . G
(u-ﬂ\l‘)-¢ = sq (—e - .Q_.-l

o sq
To satisfy the continuity requirement that s = L. take @ = /zn-'

Then: Uy = Uypp = L con ot

v -,.(I[—Mot-‘-a/al \G-¢= J[_M“~G/Ql

(- -]

Va . Gt + G . ‘e
(u‘n;-‘)t“ = {I+ - _;L..csp«..ec




These relations are shown in Figure 19; note that o is < © for positive

incidence.

Once the constants &G and & are established, the velocities at any

point in the flow can be found, by using

u-iv--fi). - MW o dy A 4D
A2y, A AT dw AN A2,

Each of the derivatives in this formula can be evaluated exactly. A typical

result is the streamline pattern shown in Figure 20.

This solution is of value in its own right (especially since it is
found from purely algebraic formulae), and can also be useful as a set of
initial conditions for a time-marching or iterative solution of the flow

pattern.
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Section 4
ORTHOGONAL GRIDS

It was pointed out above that many current flowfield codes require a
grid, in the computational plane, having the property that the images of the
trailing edge and the point at downstream infinity lie at corners of the grid.
This property is not realized by the Ives transformation; the point at down-
stream infinity occurs at a corner of the gz-plane, but the trailing edge
does not. The sheared grid discussed in Section 2 is one way to achieve the
desired property, but it has the disadvantage that the resulting grid is not

orthogonal.

The Schwarz-Christoffel transformation can be used, in place of the

shearing, to achieve an orthogonal grid. A number of recent publications(zz'zs) 55;5_

have discussed the use of this transformation; its great versatility offers t&;&{f;
several possible ways to use it, within the Ives Transformation. For example, ;ﬁi:zi;
it would be possible to replace the elliptic-integral step between the w and 5?5;};\

% planes by a hyper-elliptic integral (which is a form of the Schwarz-Christoffel
formula). However, a much more straightforward application has been made here,
namely to map the parallelogram formed by joining the trailing-edge and down-
stream infinity points in the % -plane into a rectangle. This step can be

used on other grid generators having similar properties, such as that of Ref. 26,

for example.

Figure 21 shows the parallelogram formed by joining the images of the

trailing edge and the point at downstream infinity in the %‘ plane:
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FIGURE 21 PARALLELOGRAM IN THE g -PLANE
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The particular values of the coordinates shown on this figure are those peculiar

to the Ives transformation; the method applies to arbitrary locations.

This figure is mapped into the upper half of the € -plane by the

Schwarz-Christoffel transformation:

: Pl -1+ ~Phe -1+ Phe
ZX = M-t (ets) (k) (k-h)
where the parameters éA through £p are pure real:
¢ ¢ :
éA {iﬁ - < > )

The exponents in the above equation guarantee that an integration path along
the real axis in the % -plane will produce a four-sided figure with the proper
angles. The four parameters -L'A through -ép and the complex constant nf

must be chosen so as to produce the desimed parallelogram.

It turns out that only two parameters are needed: -[:A can be set
equal to — ﬁ‘D s bs to — €4 , and éc can be set equal to 1.0

without loss of generality:

>

- .7 -A/r 1+ R/
% =M (t+ tp)/s/r(fu) Tr(ﬁ—l) (t-t5)

This set of parameters produces a genuine parallelogram, i.e., the lengths of
opposite sides are equal. Thus, all that is needed is to select ﬁb S0 as
to give the desired ratio of the adjacent sides, and then set the parameter p

so as to give the proper absolute size.

Numerical integrations of this formula can be carried out using the

method of Ref. 22; the integral over a distance At can be written as: -

4 (eety e
A A M ~ L
fors T T (at)® T { P 1&
twm
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B where
[

) At =t -t

and where é‘. and P:. are the parameters:

<

-
(l'.!

O -
Po=f si-ple ; B =F = B/
e .
" t4 Z - t‘ = ‘é) ) t3 = —ﬁl =1 .
The length/width ratios of the parallelograms produced by typical cascades are -
generally 5.0 or larger. Numerical work using the formula. above shows that :j’-
such ratios require values of -é) that are only slightly larger than 1: :.
R
£, = I+€ PER
Asymptotic formulas for the lengths of the slant side (called side 1) and the ::l::
| t horizontal side (called side 2) of the parallelogram can be found by taking t"&‘
the 1limit as € —= 0 :
=1 —,6/1\— N L -/ -|+/A/r.
L A§> = f (t‘.’+l4—é) (t+) (¢-) (t"‘é) AL
M SIdE | Li-c
’l . The change of variable L= -l—€X leads to:
A ) | - /3/
1 - _/' "/B - /S/T -1+ Ly - €
= FA§>5.DE.I =2 € fo (’ ) * F(x;€) o
Lo where
N - - /e
- ex \PH e ‘oA
I = =.<|+-—7_-) ("‘"z_[)“"])
' !
; < :
. = l—z(%)‘--ﬁ-[l-él(yu))-&O(e )
i - The leading term can be expressed in terms of gamma functions; using the
' relations (Ref 27)
T 4 C(x) C4)
- f t  (i-t) ot =
. a r (Y + ‘3)
r

F(z+) = 20(2)

C(2Yr(-2)= woc (v2)

leads to
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To find the analogous result for side 2:

P + =Pl -1 ke - )—H-/f‘/r .
7A€)51ﬁ1=—j\ (t+\+—6) (fw) (t—l) (f-hé A
Let o o

[ S

-\ -

In the first of these integrals, let &+/3&X , and in the second, let
f-g:—éu} ; this leads to

A € -Ple
-:}AE)S‘D&Z=S (x*‘)(s % /‘/“—[i+0(é31”"‘

-

Y|

+ SV‘ (4+ |+o(eﬂ&3

o DGR
The first of these integrals can be estimated by an integration by parts, ATt
while the second can be approximated, for & =¢ , as a Mellin transform; :
the leading term in each integral is Awé& , with the result: PPN
R L —
1 LR N
S ,
7 0% sney = (g) v o) SR

.

The practical application of these asymptotic formulas is to provide

™
Y
.

v
g
»
.
.
.

a first guess at € for a given ratio of the length of the adjacent sides of
the parallelogram. Values of & on the order of 10-5 are needed, for side
ratios of 5 or so; these small values required comparably small step sizes

in the numerical evaluations, in order to preserve accuracy.

Once the parameters for mapping of the parallelogram are established,
the next step is make the upper half of the ¢ -plane into a rectangle; this
is achieved by using the same values of € and M'with /g/.n_ = 1/2.

An orthogonal grid can then be set up in the rectangle plane, and ' L
mapped (numerically) to the ¢ -plane. This grid can then be mapped, again
numerically, from the ¢ -planeto the parallelogram in the & -plane, and

then back to the physical plane, as explained in Section 2.
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Section §
METRIC EVALUATIONS

The coordinate transformation enters the flowfield solution algorithm
only in the metric derivatives. These can be evaluated by differencing the
coordinates themselves, or in the case of a conformal transformation, by evalu-
ating the analytic expressions for them. These analytic expressions are derived
in Ref. 1, and the code listed in that report contains the Fortran statements
required to evaluate these expressions. However, as pointed out in Ref. 7,
the truncation error resulting from the use of analytic metrics in the finite-
difference flowfield code is large enough to cause major instabilities in the
solution algorithm. It is highly preferable to use metrics that are found by
differencing the coordinates in the same manner as the flowfield variables are
differenced. A program to achieve this, for the grid conventions used in

Ref. 7, 1is given in Appendix D.
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Section 6
COMPUTER PROGRAM

A listing of the computer program is given in Appendix B, and a
dictionary of variables is given in Appendix C. This section contains a

general description of the program, plus some specific details.

In order to handle complex arithmetric, all variables beginning
with the letter Z are declared to be complex by an implicit type specification
at the beginning of the program.

The input is generally'described by comment cards in the deck. Cer-
tain blade-shape parameters hust be read in: EX, G, H, ZLE, ZTE, ZN, ZT. Also,
if IGOT=1, ZC must be read in. The blade shape itself is defined by pairs of
coordinates in the S , n plane - KJS on the suction side and KJP on the pressure
side. In the version shown here, these were read in as a table in subroutine
SHAPE.

The blade surface coordinates are numbered from 1 to KJMX; point number
1 is the trailing edge, 2 through KJIM are on the pressure side from trailing
edge to leading edge, point KJLE is the leading-edge point (ZLE), KJLP through
KJMXM are on the suction side from leading edge to trailing edge, and point

KJMX repeats the trailing edge.

The complex sine functions are calculated next; then the iterations
to determine the parameter C are done. The initial guess provided for C is
Zc = 1+¢ . It may happen in some cases that a better guess is required:
in particular, it is necessary that the value of € must lie outside the blade-
surface curve in thedl -plane. If it does not, then the interior of this
curve in thefl -plane is mapped to the exterior of the blade-surface image in
the w -plane. This fact can be seen from the discussion by Kober (Ref. 28

of the bilinear transformation applied to circles.

'28. Kober, H., Dictionary of Conformal Transformations, Dover Publications,

New York (1957).
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After the parameter C has been found, the transformation to the &
plane is carried out, using the fast Fourier transfrorm procedure (see
Appendix A). The actual calculations of the Fourier coefficients are done

.
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in subroutine FFT2, a proprietary program of International Mathematical and

Statistical Libraries, Inc. (IMSL). This routine computes the fast Fourier
transform of a complex vector of length equal to a power of two (here 26).

il

The coefficients of the input vector are given in normal order by the

array named as the first argument of the call; the coefficients of the

output vector are overstored in this array, in reverse binary order.-

The subroutine SHUFL is then used to restore this output to the normal order.
The coefficients in the series expression for Z are determined iteratively

in a relaxation process that is terminated when the maximum change in & falls
below the tolerance ANGERR, or when IMX iterations are done. If the derivative
form of the transformation is being used, the maximum change in § is required
to be less than ANGERR.

In doing these iterations, it is necessary to know values of

Lar at given values of @; these are found by a spline fit in subroutine
CISPLN, which is a straightforward implementation of the formulas given by
Ahlberg, et al.29
fit.

Similarlv./e at eiven values of S is found by a spline

In certain cases (typically when RMAX/RMIN is large) the calculated
variation of @ with ¢ may be non-monotonic; if this occurs, the calculation
should be repeated, with a smaller relaxation factor. The progress of the
45,9 iterations is printed, showing at each iteration the largest change in
© and the number of reversals (i.e., the number of occurrences of non-monotonic
variation). The iterations using the derivative form usually do not display a
similar problem, and converge very quickly, with OM = 1.

29. Ahlberg, J.H., Nilson, E.N., and Walsh, J.L., The Theory of Splines
and Their Applications Academic Press, New York (1967).
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Next, the parameters J, and Jg are found, starting with "best-guess’

values calculated in the sectors described in Section 2. Once these are

found, the mapﬁingrto thé n -plane follows. The calculations that link the

Ll -plane and the § -plane are done in subroutine OMETA, which sums the
Theodorsen-Garrick series, using complex arithmetric. This subroutine has
been modified slightly from that appearing in Ref. 9, as follows: the previous
code evaluated sums of the form

Z SUM = 25 Z2cc (TP) ;’JP-, (4-1)
TJP=1
by a sequence of ;;I;iplications and additions:
ZsuM = Zcc (65) ;“+ Zcc (64) ;°3+ et ZeCe(1)  (4-2)

The current version uses (Ref. 30, p. 28)

EZsum = < {[ch (65)7 + Zcc (44)] 2,'+ch(63)};+.--
(4-3)

Finally, the blade-surface image is mapped into the f'plane, using
the elliptic-function formulas of Nielsen and Perkins16 and of Luke,l8 as

outlined in Section 2. This completes the mapping of the blade surface.

It is now possible to set up a grid in the ¥ - plane, and map it
back into the physical plane. This involves straightforward evaluations of
the transformation functions. The only complication is the need to

evaulate the Jacobian elliptic sine (done in subroutine JCELFN),

30 Hartree, D.R., Numerical Analysis, 2nd Edition, Oxford, Clarendon
" Ppress (1958).
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The calculation of the images of the grid points in the variods
planes is bypassed for the points at upstream and downstream infinity, and at
the trailing edge. (The trailing-edge point will be a grid point if ISHEAR=1).
The £ -plane locations of upstream and downstream infinity are arbitrarily
assigned to finite locations given by linear extrapolation from the two adjacent

L -values.

The point at upstream infinity will be a grid point only if KMX is
odd; in this case IOE=1, and the image calculations are bypassed.

Adjustments to the grid-point image locations in the Z -plane are

sometimes required for points on the periodic ouundary (L=LMX) for values of X agggg
l*h =

near 1, KMX/2, and KMX. At these points, the formula used in going from the &{:_r

AL -plane to the 2 -plane sometimes cannot distinguish between points that t;:{}
Rutn

are separated by H+( G . The problem®can be seen best in the « -plane. DA

(The sketch below is for an even value of KMX; the same picture applies for an

odd value):

L=1
KMX
K= >+ 1
- 00 + a0
‘\.I\ O
KM X PERIOPIC BOUNDARY
K = > (L =LMx)

PO/NT onN THE PERIODIC BOUNDARY




Note that the same point in the w -plane (and thus also in the {1 -plane) can
map into either of two points in the Z -plane, which differ by H+.(G&G . The
selection is guided toward the correct value by starting on the blade (L=1)
and working toward the periodic boundary (L=LMX), but it can happen that the
wrong branch is chosen during the iterations. To avoid this, the imaginary
parts of Z and ZN are compared, for K values near the leading edge, and the
imaginary parts of Z and Z7 are compared near the trailing edge, and the
quantity (-SG is added or subtracted (depending on the value of K ) where
necessary.

Finally, the real and imaginary parts of Z are written to unit 7
(if PNCHZA=TRUE). These values can be used, in a separate program, to calculate
the metrics of the transformation (see Appendix D).
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Section 7
CONCLUDING REMARKS

The method described above is capable of generating grids, and the
associated incompressible, inviscid flow-field, for blade rows with gap/chord
ratios as low as 0.8. Below that value, the Theodorsen-Garrick mapping may not
converge. In such cases, a derivative form of the transformation usually will
converge, but the grid that results may not be useful, in the region near the

leading edge. Further development of this part of the technique is required.

As a separate mapping step, the Schwarz-Christoffel technique has been
applied to the problem of generating orthogonal grids. Based on the analysis
given above, several grid-generated techniques can now be generalized to give

orthogonal grids.
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APPENDIX A
DETAILS OF THE FAST FOURIER TRANSFORM PROCEDURES

The details given in this Appendix apply specifically to the Theodorsen-
Garrick mapping; with obvious changes in notation, they also are valid for the
derivative form of the transformation.

Equations 2-20 and 2-21 contain 2N+2 constants, which are evaluated

as follows: first, they are satisfied at a discrete number of points, denoted

by¢K:
2mnt(K-1)
b = —3n— > K=1,2,...,2N (A-1)

where N was chosen to be 64, in the present case. Thus:

N=1

I A e (e ] B n 8 ain )+ A et
N-1 v .

C-%c = B+ I ,(Bi oo g Pt A aum 4 ) +(=1)" 8,5 (A-3)
*‘

Each right-hand side now contains 2N coefficients. The correspondence between
either of these and the Fast Fourier Transform (FFT) as presented in Ref. 12

is given by the next two equations: consider the expression

ZN" n' ‘- ZTL'
Y@ = J cou W : 4 =071, 2 eN-1: W = e ="
, - l." -—
ns=o en 4 P > Tan (A-4)

where values Y (*) are real, and the 2N values of C{(‘) are in general complex,
but must satisfy the following redundancy condition, in order that the‘f("
values be real:

cn) = c(aN-n) , n=1,2,..., N-1 (A-5)
€ (o) and C(N)pure real

where the tilde denotes the complex conjugate. When these conditions are

met, Eq. A-4 can be written as

2 N-1 nimr © ndT
Y(L) = Coo) +(=1)" Co(N) + 2L {Crim con g = C 00 aam o=
L=o,1,...,2N-1 (A-6)

This form can now be used, in conjunction with Eq. 2-20 or 2-21, to facilitate -

application of the FFT to the complex form given in Eq. A-4.
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' F In the case of Eq. A;Z, values of the coefficients A, through Ay

and B, through B,,_, are found, from given values of £n r. This is procedure
',
t'.': 4 of Ref. 6, which takes the following steps:
1. Set X (®) = Y(2&) = (Unr)
’ 1 2k Jg-. 0’1,.“’N-1
’I
| - Xl(*) = Y(Z*f’1) - (.Lnr')z"” (A-7)
L 2. Set X(.;) = xt‘};) + ‘:xa({:) ; j =0,1,...,N-1 (A-8)
1 3. Calculate the N -point Discrete Fourier Transform of
. ;  N-1 , -n{
Hf Ay = An) + 1A, (n) = 'FZ X)Wy "5 n=o0,1,...,N-1
b é.a
5 e (A-9)
W, = e "~
]
. 4. By periodicity, set A(N) = A (o)

5. Apply Eq. 34 of Ref.12, in order to extract A (n)and ﬁz(n') from A(n):

’ A
/ﬂ,(n) = {ﬂ (N-n) +m(n)} N
[ . - ﬂ’O,I,--r,"é- (A-10)
o . AR, = ?‘{/ﬁ (N-1) -ﬂ(n)}

Note that these expressions use ARpifor n=0,1,..,N to give /ﬁ,(n) and ﬂz(ﬂ)

for n=0,1,..., N/2
6. These values of A, (n) and Rz(n.) then give C(n) for the same range:
? -n
. c(n) = > I:ﬁ,(n) + W,y ﬁz(n)] , n=o0,1,..., N/ (A-11)
S N .
For the range of n from = +1 to N-1, use Eq. 36 of Ref. 12, with n replaced
- -N .
by N- (and noting that sz = -7 ):
cCin) = 8 2N -n
] ) ( ) (A-12)
a 1 n N N
. = E{H,(N'ﬁ.) + W2~ﬂa(N-n)} n = —a-+7, ?+Z)...,N-1
A-2
i
-
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This equation, applied for ~n = 2—4'1 ,%1'2 «eeyN-1uses P, and A, with index

)
N N 2,,1to get c(n) for n= AZLN, -2-+2,..,, N-1. The process is completed

T T
by setting c(N) = 5"{""’“” . ﬂe(o)} (A-13)
7. The ﬂ:‘ and 3} coefficients are retrieved from: TR
R, = R [c (o)] , Ay = R [c(/v)] v ' :_::‘TEI::;“.:
, L (110 R
”j = 2f [Cq)] , B‘- s 2 [c(p] ) 4= 1,2, N 5:t:l:::.jl

At this point, B, and B, are undetermined. Following Ives, By is set equal
to zero, and B, is chosen so as to place the trailing edge at @20 (this latter

selection of B, is actually carried out in a subsequent step, noted below).

In the case of Eq. A-3, the A's and B 's are considered known, and

are used to evaluate 0{‘ . The coefficient B, can be found from

N-1
O = B, + [ B,‘ (Bn = 2) (A-15)
i
Actually, it is simpler to evaluate the right-hand side of
N-1 ] .
= . i : £=01,..., N-1
Op=%4-8 -~ fﬂ(B:wécbk"%M‘fik)’ ; 16)

and then find B, from

B, = O - RHS) (A-17)
=0

The actual evaluation of the right-hand side takes the following steps (Pro-
cedure 5 of Ref. 12): by comparison of Eqs. A-3 and A-6:
1. Set C(o) =0, C(N) =p
. (A-18)
cunr = L[B-iA, ], n=t,2,, N
Note that the C's determined here are different from those used in Procedure 4;

the n,‘ and B}' values are the same, but their relation to Cj is different.

2. Values of Cf are then used to find A,y and /ﬁz(m : Equations 40 and 41

of Ref.12 are rewritten, using

....................
-----------
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C(rn) = g(2N-Rn)
Replace 2 by N+n:
C(N+n) = C(2N-N-n) = Z(N-n.)

Thus Eqs. 40 and 41 of Ref. 12 are

A,n) = ctn) + Z(N-n)
n=o0,1,..., N/2 (A-19)

~ n
H?_(n.) = [C(n) ~-c{N-n )] W,

These are all the values needed for A, and A, .

3. Find A(a) ,n=o,1,...,N-1 from Eqs. 42 and 43 of Ref. 12;

An) = H,(n) + [/ﬂz(rt)
n= 01

H >

. . c.ey N/2 (A-20)
A(N-n) = A (n)+c A, (n) '

This gives, on the left-hand side, all values from rtzo to ri2/N.

4. Calculate

. N=-1 :
X9 =3 Ay wt, 4=0,1,..., N-1 (A-21)

N
n=o

S. Finally:

03& - ¢g* —5. = R‘- [X(*)]
#=0,1 .., N-1
07_&4.1 - ¢¢*+, -8 " . [X(‘)’E)] (A-22)

The first of these equations, with %<0, is used to find B, .

In order to apply these formulas, it is necessary to have a relation

[REWE™ b
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between r and & :

e = r(G) , K=1,2,...,2N (A-23)

which is found from a spline fit to the blade-surface image in the w- plane.

The discrete Fourier transform and its inverse are given by

; N-1 -,,1'
A = < Z X W, ', n=0,1,2,..., N-1 (A-24)
e '
N =1 n%
Xt = 2 Amw, *, ,j=o,1,2,..., N-1 (A-25)
Nn=o

Thé IMSL routine FFT2 evaluates the second of these, i.e., it returns
X('}') , given the values A(n) . To evaluate the first of these, FFT2 is
used with input X(4) / N , and with output interpreted to be Acny;

this is Procedure 1 of Reference 6:

-1 n

~ N . F)
NA(n) = Z X(") WN (A-26)

§=°

In the FORTRAN version of these and other procedures, it is conve-

. » N . N . X4
nient to use indices that begin at one, rather than zero, by setting 4-;1 = 3

(FORTRAN symbol JP). The corresponding table, for example of the coefficient
B., i
j» 1s

e
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j JP B, B(JP) o~
0 : 5, (1)
1 2 B, B(2)

2 3 B, B(3)

N-1 N By-1 B(N)
N N+1 BN B(N+1)

In addition, care must be taken with the argument N-n; for example, Egs.

are written as

ZA1(NP) = Zco (NP) + ZCC (N+2 - NP)

| . NP=gaf“,g+1
Z A2(NP) = [zcc(NP) - 2cc (N+2- NP)] Wan (A-27)

It can be verified that the quantity N + 2 - NP in fhe arguments above pre-
serves the correct ordering - for example when N = 64, and n = 0, E(N—n) = C(69)

This would be stored in ZCC(64 + 2 - 1) = ZCC(65).
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Appendix B
COMPUTER PROGRAM LISTING

CROGRAM RAVES (INPUT,OQUTPUT,GRID, TAPES=INPUT, TRPES=QUTPUT,
*® TAPE7=CGRID)
PROGRAM RAVESD THE IVES-LIUTERMOZA CONFORMAL
TURBOMACHINERY CASCADES (AIAA JOURNAL,WCL. Z,1!
DOCUMENTATION IS GIVEN INI
“4. J. RAE, A COMPUTER PROGRAM FOR THE IWVES TRANSFORMATICN
IN TURBOMACHINERY CASCADES, CALSPAN CORPORATION REPORT EB275-A-3,
NQUEMBER 1980
W.J. RAE, MODIFICATICNS OF THE IVES - LIUTERMOZA CONFORMAL -
MAPPING PROCEDURE FZR TURBOMACHINERY CASCADES, ASME PAPER
B83-GT-116, MARCH 1983
W,J. RAE, REVISED COMPUTER PROGRAM FCR EVALUATING THE IVES
TRANSFORMATION IN TURSBOMACHINERY CASCADES, CALEPAN CCEPCRATIIN
REPORT 7177-A-1., JULY 1283
W.J. RAE AND P.U.MARRONE.,
ANALYSIS METHOLS, CALSPAN
JANUARY 19895

TRANSFORMATI

CN
977, PP 547 -

RESEARCH CON TURBINE FLCWFIELD
CORPORATION REPORT 7177-A-2:

IMPLICIT REAL(A-H,0-Y:,COMPLEX(Z)

LJIGICAL PNCHZA

COMMON/TGINTG/N,MP1 ,NPZ,NZ,NB2,NB2ZP1,IP, IPMX,ITP, IMK  IMK, K iMK
COMMON/TGCMPX/ZL,ZWaN, 21, 2ZNN-2ZA,ZCC,ZAL ZA2
Cr:MMON/TGDBLE/PBN,OM,CMM, ANGERR,A,B,E,F,»THT,3HI X,
ZIMENSION Z5(80),2ZP(B0O),ZOMS(8BO) ,ZOMP (8O
DIMENSION RDS(80),.RDP(80),THS(80),THP(80)
DIMENSION RDSX(80),RDPX{(80),THSX (B0}, THPX(8M)
D:MENSION X(180),Y(iBQ),E(IG0) . F(160),THT(1G0D),

* BETA(IBO),.5(160)

D/MENSICN PHI(.30),A(BS),B(B5),ZCC(BS5),DR(BS),DI(BT),

Y,BETA,S . R,DI

* ZA(1635),2ZA1 (1653 ,2A2(1B5),»
* JEE(165,2FF(165),Z50MGA(1GS) »
# ZHIC10,40),2ZEETA(L0,40),ZETACI0,40),Z0MA(.0,40),
* ZENL(10,40),2XY(10,40),2VEL(L10,80) . ZFNP(L{0O, 40,
# INK ()
DIMENSION ITP(100),ID(36)
DIMENSION MMN(S0,20),¥YY (350,200
De 1o 1 = 1,7
10 ITWE({I) = O
NAMELIST/INPUTS/ ANGERR EX,G,H-IGOT,ILE,ITE,KMX,ALP,
® IMX, LMX, CM, PNCZHZA, RTOL, ZC, ZLE, IN, IT, ZT7Z,

IPMX,ISHEAR ,KJS,KJP, ICIRC NG

--— SET NAMELIST DEFAQULT VALUES




MmN

0

OO0 0n

ICIRC=:
ANGERR=0. 024
ALP = o.

IGET=0

ILE = 1

ITE=O

KMX = 40

LMX = 10

KJS = 20

KJP = 20

IMX = 400
ISHEAR = 1
IPMY = 1

NS = 40
PNCHZA=.FALEE.
RTOL = 3.

oM = 1,

NOTE: EX» G, H» ZTE HAVE NO DEFEULT

ZC, ZL
ZC IS NOT NEEDED IF I

N, ZT,

T
a3

E,
GOT

READ(S,103)(ID(IY,I=1,36)

103 FOCRMAT(18A4;
PI = 4.0 #ATAN(1.0
TR = 2.0 =PI
P32 = PI/Z.
ZPI = CMPLX(PL.,0.0 )
21 = OMPLX(1.0 ,0.0)
JER0O = CMPLX(0.0 ,0.0)
IMGA = CMPLX(+1.0 ,0.0)
ZMGB = CMPLX(-1.0 ,0.0)
2-PS = CMPLX(O.,1.E-08)

-T. -
220 =

CMPLX({.EL1O,1.E10)

READ PNCHZA=T IF (ZA(L),L=1,LMX) IS TC BE PUNCHED

OF K, OTHERWISE READ PNCHZA=F

IGCT = 1 IF THE UALUE OF ZC IS XNOWN. CTHERWISE, IGIT = 02,

KMX  AND LMA ARE THE GRID SIZES IN THE FINAL TRAMSFORMED PLANE.

KJS AND KJP ARE THE NUMBERS OF POINTS ON THE SUCTICN AND PRESGURE
SIDES AT WHICH PAIRS OF BLADE COORDINATES WILL BE INPUT.

ILE = ¢ OR 1 FCR A SHARP OR ROUNDEDR LEADING EDGE, RESPECTIUVELY

ITE = 0 CR | FOR 2 SHARP OR ROUNDED TRAILING EDGE, RESAECTIVELY.

FOR A SHARP LEADING EDGE (ILE=0) ZN MUST EQUAL ZLE

FOR A SHARP TRAILING EDGE (ITE=0D) ZT MUST EQUAL ZT

IMX IS THE MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR THI PHI/THETA(/E)

ITERATICNS

IPMM.NE.L CAN BPZ USED TO DISPLAY
PHI/THETA(/S} ITERATIONS. AT THE ITERATICN NUMBERS READ
ITP ARRAY BELGCHA.

UaLUze

11z c

FOR ALL VALUES

THE WALUES OF THETA/S DURING THE
INTG

THE
HE

AND KK

ISHEAR = O SIVES AN ORTHOGONAL GRID. ThE LINES K=1 AnMD K=K™{, W<ICH
START AT THE TRAILING =DGE. DD NOT GO 70O DOWNSTREAM INFINITY,.
C ISHEAR = [ SHEARS THE GRID UNIFORMLY: LN THIS CASE, THE K=i
C LINES DO GO TO DOKWNSTREAM INFINITY.
L
o A8 K

DAL
AR TN
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FOR
AR
RTC
CME
ALP
THE
LI
ict
NS

INT

P02

311 CONTINUE

3i0
INP
THE
AND
ARE

CAL

207

IS A RELAXATICN FACTOR USED IN THE PHI/THETA MAPPING!
FAR ICIRC = O, USE 0.1, OR A SMALLER VALUE IF THE A AND B
ITERATIONS FAIL TO CONVERGE
FOR ICIRC = 1, OM = 1,0 SHOULD BE SATISFACTORY.
ERR IS THE ANGULAR(IN RADIANS) (/ARC LENGTH) TOLERANCE
THE PHI/THETA(/B) TRANSFORMATIONM.
EASONARLE VALUE IS .01
L IS THE TOLERANCE FOR THE MAX/MIN RADIUS RATIC IN THE
Ga PLANE

IS THE ANGLE CF INCIDENCE., IN DEGREES (NEGATIVE). IN
ETA-PLANE. :
RC = O FOR THE THEODORSEN-GARRICK TECHNIGUE
RC = 1 FOR THE BAUER ET AL TECHNIGUE
IS THE NUMBER OF STEPS TO BE USED IN THE SIMPSCON'S-RULE

EGRATICON OF D(SMALL OMEGA)/D(ZETA) WHEN ICIRC = 1,
READ NAMELIST INPUT DATA

READ (S, INPUTS)?

ITP(1) = 998

IF(IPMHUNE.L) READ(S,102)(ITPCIPY,IP={,IPMX)
FORMAT(20I4)

IP = |

KH=(KMX+1) /72
XL =KMXH

(MOD(KMK,2) .NE.Q) XMXL=KMNS-1
E = MOD(KMX,2)
u

K
K
I
I
KJQUNT = 0O

[0 J v B | QiR 4

20 310 K=1,50
Dre 311 L=!,2
XX{K,L) = 0.
YY{(K.L) = 0.

CONTINUE

Ut YARIABLES EX, G, 4, ZLE, ZN, 2ZT. ZTE.

FORTRAN STATEMENTS IN SUBROUTINE SHAPE,

THE VARIABLES LISTED IN COMMON BLOCK GEGM (IF ONE IS BEING USED)
ALL SPECIFIC 7O THE BLADE SHAPE BEING USED.

CULATION OF THE BLADE SHAPE

D = CABS(ZTE-ZLE)

CoLL SHAPE(D,H,G,EX,ZP,ZS.KJS,KJP)
S5 = SOART(H*H+G#G)

ZDA = CMPLX(G/SG,-H/SG)
ZGAMMA=CONJG (ZDA)

A_P = ALP*TPI/360.

ZALP = CMPLX(COS(ALP),SIN(ALP))

ZaM =  CONJG(ZALP)
ZaP = ZALP
WRITE(B,207)

FORMAT (1H1:
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. WRITE(G,20B) (ID(1),I=1,36)
F 208 FORMAT (30X, 18A4)

t WRITE(G,240) D,H,G,EX,53

240 FORMAT(//10X, ‘BLADE-GEOMETRY PARAMETERS ARE: ‘.
. s //SX, 'ABS(ZTE-ZLE) =,
i * F10.5,° H = *,F10.5,’ G = ’,F10.5,‘ EX
% F10.5,' GSLANT GAP ='.F10.5,//)

WRITE(S, INPUTS)
F KJLE = KJP + 2

- KJMX = KJLE + KJS + 1

KRITE(B,209)
s 209 FORMAT( 8X, ‘BLADE COORDINATES:’.
a3 % /79X, 'SUCTION SIDE’,/3X: ‘KJ’+7%s ‘S’ , 13X, 'N*» 135, ‘%', 13%, ¥’ /)
: ZZXY = ZGAMMA®ZLE .
WRITE(B,270) KJLE,ZLE,ZZXY

i
~

ﬁ~ 270 FORMAT(IS.iP4ELI4.5)
- DO 64 K = 1,KJS
KJ = KJLE + K
-. Z2ZXY = ZGAMMA#ZS (K)
i‘ WRITE{(G,270) KJ,Z5(K) , ZZXY

64 CONTINUE

Z4 = ZGAMMARZTE

WRITE(B,270) KJIMN,ZTE ,Z2ZXY

WZITE(B,271)

271 FORMAT(//8X, 'PRESSURE SIDE’,/3X:,’'KJ’',7X, '8, 13X, 'N’,
b e + 13X, ‘X5 13X, 'Y/ /)

. ZIXY = ZGAMMA#ZLE

WRITE(B»270) KJLE,ZLE,ZZXY

. DS B1 K = 1,KJP
o KJ = KJLE - K

o ZZXY = ZGAMMA%ZP(K)

- WRITE(B,270) KJ,2ZP(K),ZZXY
[ ] 61 CONTINUE
- KJ = 1

ZZXY = ZGAMMA®ZTE
WRITE(B,270) KJ,ZTE,ZZXY

C
ZDN = CMPLX(H.G)
_ ZZ = (2T-ZN)/ZDN S—
: C4I = PI#EX* (G#REAL(ZT-ZN)-H#AIMAG(ZT~-ZN))/ (SG#5G) e
HA = PI#EX#(H#REAL(ZT-ZN)+G*AIMAG(ZT=2ZN))/ (56#506) N
R = EXP(-CHI) S
. ZPLUS = CMPLX(R#COS(XA),-R*SIN(XA)) R
3 R = 1.0/R %-;41
ZMINUS= CMPLX (R#COS(XA) ,R#SIN(XA))
. D3 20 K = 1,KJS '.-E.'F_l."_?a
- 74T = (2S(K)-ZT)/ZDN S
. ZETA1S = ZPI*ZZT e
ZETA2S = CSIN(ZETALS) N
o ZN = (2S{(K)~2ZN)/ZDN e
' ZETA3S = ZPI=Z2ZN
) ZETA4S = CSIN(ZETA3S) %ﬁ**%

ZFS = ZETA2S/ZETAA4S ' v

B-4
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o000

THT (KJMX) = THT(1)
NOW ADJUST THE BRANCHES OF G(Z) SO AS TO BE CONTINUOUS ACROSS
THE CUT (ALONG THE NEGATIVE REAL AXIS) OF THE ATANZ FUNCTION.
251 BR=0.0
KA=2

RDS(K) = CABS(ZFS)

THS(K)= ATANZ2(AIMAG(ZFS) ,REAL(ZFS))
20 CONTINUE

DG 24 K = 1,KJP

22T '= (ZRP(K)-2T)/ZDN

ZETALIP = ZPI®ZZT
ZETAZP = CSIN(ZETALP)
ZZN = (ZP(K)-ZN)/ZDN
ZETA3P = ZPI#ZZN
ZETA4P = CSIN(ZETA3PF)

ZFP = ZETAZP/TETA4P
RDP(K) = CABS(ZFP)
THP(K}Y= ATANZ(AIMAG(ZFP).,REAL(ZFP))
24 CONTINUE
NOW ADD THE LEADING~ AND TRAILING-EDGE POINTS, AND STORE ThE G(2)
ARRAY AS E(KJ)I#EXP(I#THT(KJ))  WHERE KJ=1,KJMX AS YOU GO FRCM TE AROUND
THE PRESSURE SIDE TO THE LE (KJ=KJLE) AND THEN ALONG THEZ SUCTICN SIDE
BACK TO THE TE AGAIN (KJsKJMX).
IF(ITE.EQ.1) GO TO 13
E(1)=0.0
THT(1)=0.0
60 TO 14
13 ZETAZ=CSIN(ZPI#(ZTE-ZT)/ZDN)
ZETA4=CSIN(ZIPI#(ZTE-ZN)/ZDN)
IFP=ZETAZ2/ZETA4
E(1)=CARS(ZFP)
THT(1)=ATANZ (AIMAG(ZFP) ,REAL(ZFP))
14 IF(ILE.EQ.1) GO TO 15
E{(KJLE) = 1.0E+08
THT(KJLE) = O.5#(THP(1)+THS(1)}
G540 TO 16
1S ZETAZ=CSIN(ZPI#(ZLE-ZT)/2ZDN)
ZETA4=CSIN(ZPI#(ZLE-ZN)/ZDN)
Z-P=ZETA2/ZETA4
E(KJLE) = CABS(ZFP)
THT(KJLE) = ATAN2(AIMAG(ZFP) .REAL(ZFP))
16 DO 17 K = 1,KJP
KJ = KJLE - K
E(KJ)=RDP(K)
THT(KJ)=THP(K)
17 CONTINUE
DO 18 K = 1,KJS
KJd = KJLE + K
E{(KJ)=RDS(K)
18 THT(KJI=THE(K)
E{KJIJMX) = E(1)

KB = KJLE + 1

B-5
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IF(ITE.EQ.Q) KA =
IF(THT(KA-1).06T.0.
PO=THT(KA-1}

DO 3Z2! KJ=KA,KJLE
CRG=THT(KJ)-PO
PI=THT(KJ)
IF(ABRS(CHGB).LE.PI) GO TC 321
IF(CHG.GT.RI) BR=BR-1.0
IF(CHG.LT.~PI) BR=BR+1.0
THT(KJ)=THT(KJ)+BR#TRPI
IF(ILE.EQ.1) GO TO 326

B¥ = BR + 1.

PO = THT(KB)

THT(KB) = THT(K3) + BR#TPI
KB = KB + 1

DO 327 KJd = KB,KJMX

CHG = THT(KJ)-PO

PO = THT(KJ)

IF(ABS(CHG) .LE.PI) GO TO 327
IF(CHG.GT.PI) BR = BR - 1.
IF(CHG.LT.-PI) BR = BR + 1.
THT(KJ) = THT(KJ) + BRs#TPI
D3 323 K=1,KJP
THP(K) = THT(KJLE-K)
CONTINUE

DG 322 K = i,KJS
THS(K) = THT(KJLE+K)
CONTINUE

3
)

DG 25 K = 1,KJS
ARS = EX#THS(K)
RS = RDS(K)##EX
RDSX(K) = RS
THSX(K) = ARS
CONTINUE

DO 268 K = 1.KJP
ARP = EX*THP(K)
RP = RDP(K)##EX
RDPX(X) = RP
THPX(K) = ARP
CONTINUE
WRITE(B,241)

FORMAT(//10X, ‘BLADE-SURFACE IMAGES IN THE G
‘ SINES) AND CAP DMEGA PLANE(G##1/KAPPA)
// 9%,’ RADII AND ANGLES USED IN SELECTING THE PRCPER’.,
’ BRANCHES OF THE RATIO OF SINE FUNCTICONS ARE: /.,
SI3K, RIS 18, G ,28K, 'CAP OMEGA» 13X, "R/, 11¥%, ‘THETA ',

9K, "REEH L TK, 'THETAREX ")
XS=E( L)#COS(THT( 1))
¥S=E( 1)#SIN(THT( 1))
RDTX = E(1)#=EX
THTH = EX*THT (1)
us RDTX#COS(THTX)
Us RDTX#SIN(THTX)

- PLANE (RATIO OF/,
»AND 7,




X

)

WRITE(E,325) XG5:YS,US,VS,E(1),THT(1)},RDTX,THTX
FORMAT(IS,1PBE14.5)

FORMAT{(’ LE ’,iPBEi4.5;

FORMAT(’ TE /,iPBE14.5)

KRJLM = KJLE - 1

DO B KJ = 2Z,KJLM

R = KJLE ~ KJ

XP

RDP(K)#COS(THP(K))

Y2 = RDP(K)*SIN(THP(K})
UP = RDPX(K)#COS(THPX(K))
Ve = RDPX(K)#SIN(THPX(K))

WRITE(B,232)KJ,XP,YP,UP,UP,RDP(K)  THP (K} ,RDPX(K) » THPX (K

- CONTINUE

S
P

[}

KS = E(KJLE)#COS(THT(KJLE))
Y5 = E(KJLE)#SIN(THT(KJLE)})
ROLX = E(KJLE)##EX

THLX = EX#THT(KJLE)

US = RDLX#COS(THLX)

Y3 = RDLX#SIN(THL)
WRITE(G,324)KS,VYS,US,US,E(KJILE) » THT(KJLE) »RDLX¥, THLX
KUMXM = KJMX - 1

KJLP = KJLE + 1

Dl 31 KJ = KJLP,KJMXM

X = KJ - KJLE

#5 = RDS(K)#COS(THS(K))
¥YS = RDS(K)#SIN(THS(K))
US = RDSX(K)#COS(THSK(K))
US = RDSXK(K)I2SIN(THSX(K))

WRITE(G,232) KJ,XS,¥S5,US5,VS,RDS{(K},THS(K}),RDSH{K ), THSX(K)
CONTINUE

HI = E(KJIMX)#COS(THT (KJMX))

YP = E(KIJMXI#SINC(THT (KJMX))

ROTX = E(KJMX)##EX

THTX = EX#THT (KJMX)

UP = RDTX#COS(THTX)

U2 = RDTX*SIN(THTX)
WRITE(B,325)1KP,VYP,UP, VP, E(KJIMX) , THT{KJIMX) +RDTX, THTX
WPITE(G6,242)2PLUS,ZMINUS

242 FORMAT(//10X,/POINTS AT INFINITY ARE LOCATED IN THE CAP OMEGA‘.,

‘ PLANE AT,
/713X, 'PLUS. “,1P2ELS.4, MINUS: ', 2E15.4,//)

DETERMINATION OF ZC SUCH AS TO MINIMIZE THE RATIO RMAX/RMIN IN THE
L.C. DMEGA PLANE

o0 n

ro
l"

i .
(ZMGA-ZMGB) / (ZPLUS~-ZMINUS)

(ZMGA#* IMINUS-ZMGB#+ZPLUS) / (ZPLUS-ZMINUS)

G (IMGA#ZPLUS-ZMGR#ZMINUS ) /7 (ZPLUE-ZMINUS)

WRITE(G,601)

FORMAT("LITER', 11X, 2D’ , 22X, 28/ ,22X, “2ZC "/, 18X, 'ZOMSTR*, 19X, ‘INTRD
1/7i3K, 'RMIN’/,BX, RMAX',7X, 'RATIC'/’ (ZAKJ) ,KJ=1,KJIMX) )

ITER=1 :

RATIO=0.0

IF(IGDT.EQ.1) GO TO GO

=

NNZIX

r
(I I 1}

C FOR A FIRST GUESS, USE ZC=(-i.0,+1.0)

o, e
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50

68

75

85

33

76

® AIMAG(ZA(KJ=-1)))/2.0

ZC=CMPLX(-1.0,1.0)

ZB = (ZMGA#ZPLUS-ZMGB#ZMINUS~ZC* (ZMGA-ZMGB) ) / (ZPLUS-ZMINUS)
ZD = (ZMGB#ZPLUS-ZMGA#ZMINUS+ (ZMGA-ZMGR) /ZL) /7 (ZPLLUG-ZIMINUS:
CONTINUE

PO 75 K = 1,KJS

RS = RDSX(X)

ARS = THSX(K)

ZOMS(K) = CMPLXI(RS#COS(ARS) ,RS#SIN(ARS))
ZNMS(K) = (2ZD-ZB#Z0OMS(K)/2ZC)/(Z1-ZOMS(K)/ZC)
CONTINUE

DO 85 K = 1,KJP

RP = RDPX(K)

ARP = THPX(K)

ZOMP(K) = CMPLX(RP*COS{ARP),RP#SIN(ARP))
TOMP(K) = (ZD-ZB#ZOMP(K)/ZC)/(Z1i-Z0MP(K)/ZC)
CONTINUE

IF(ILE.EQG.1) GO TO 11

ZOMLE = ZB

GO TO 12

RD E(KJLE)

TH THT(KJLE)

RS RD#HEX

TH EX#TH

ZOMLE CMPLX{RS#CCS(TH) ,RS#SIN(TH))
ZOMLE (ZD-ZB#ZCMLE/ZC) /7 (21-ZCMLE/ZC)
IF(ITE.EQ.1) GO 7O 32 '

ZUMTE 2D

ZA(1: = ZOMTE

53 TO 33

RD=E(1)

TE=THT (1)}

RS=RD##EX

TH=EX#TH

ZOMTE=CMPLX (RS#COS(TH) ,RS*SIN(TH))
ZOMTE=(ZD-ZR#ZOMTE/ZC) /(Z1-ZOMTE/ZC)
ZA(1)=Z0MTE

DO 76 KJ4 = Z,KJLM

K = KJLE - KJ

ZA(KJ) = ZOMP(XK)

ZA(KJLE) = ZOMLE

PO 77 K = {,KJS

KJd = KJLE +» X

ZA(KJ)Y = ZOMS(K)

ZA(KIMX) = ZA(1?}

ZNTRD = CMPLX(0.0,0.0)

AREA = 0.0

RMIN=CABS(ZA(1))

RMAX=RMIN

ZMAX=ZA(1)

IMIN=ZA(L)

KJMXX =.1

KJIMN=1

DO 78 KJ = Z,KJMX

DAREA = ABS(REAL(ZA(KJ-1))I#AIMAG(ZA(KJI) ) -REAL(ZA(KI) ) *

hY
.
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63
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41

......

3R = (ZA(K.-1)+ZA(KJIY) /3.0
ZNTRD = ZINTRD + ZBR#DAREA

E RaBS5=CABS(ZA(KJ))

I-(RABS.GE.RMIN) GO TO 78
RMIN=RABS

ZMIN=ZA(K D)

KJMN=K J

GG TO 78

IF(RABS.LE.RMAX) GO TD 78
RrMAX=RABS

IMAX=ZA(KJ)

KJMXX = KJ

AREA = AREA + DAREA

RATIO=RMAX/RMIN

INTRD = ZINTRD/AREA
ZOMSTR= ZC#*(ZNTRD-ZD)/ (ZNTRD-ZB)

KRITE(G,E02) ITER,ZD,ZR,2C,ZOMSTR,ZINTRD,RMIN.RMAX,RATIO,

(ZA(KJ) KJ=1,KIMN)
FORMAT(/I5,1P10E12.4/E17.4,2512.4/(10E13.5))
I=(RATID.LT.RTOL) GO TO 63
I=(IGOT.EQ.1) GO TO 63
I"ER = ITER + |
IF(ITER.LE.30) GO TO 62
«RAITE(E,204)

FORMAT(///10X, 'TCLERANCE SPECIFIED FOR RMAX/RXMIN NOT MET IN‘.
/30 ITERATIONS)

£-0P

COCNTINUE

IF(M.ER.2) GO TO B6

m=2

ZDS=1.1%#ZMIN

KJ=KJMN

RD=E(KJ)#xEX

TH=EX#THT(KJ)

Z0M=CMPLX(RD#COS(TH) ,RD#SIN(TH))

ZC=(ZOM#(ZDS-2ZG)+2ZE) / (ZDS+2ZF~ZE#Z0OM)

G3d TO GO

M=1

ZD5=0.9 #ZMAX

KJ=KJMXX

GO TO 67

IGOT =

WRITE(B,208) ZD,ZB,ZC,ZINTRD,ZOMSTR

FCRMAT(//10X, ‘CONSTANTS FOR MAPPING FrOM /.,
‘CAP OMEGA - PLANE 7O SMALL OMEGA - PLANE ARE’,
//20%,'A = ’,1P2E20.5,/20%, ‘B = /,1P2ER20.5,/20%,'C = ’,

1P2E20.5,//20X, 'ZNTRD = ‘,1R2E20.5,/20X%, '2Z0MSTR = /,|PZZ20.5)

UP THE ARRAYS OF THETA AND LN(R)

DO 41 KJ = i,KJMXM .

KIKJ) ATANZ (AIMAG(ZA(KJ)) ,REAL{ZA(KII))
Y(KJ) CARS(ZA(KJ) )

XIKJMX) = X(1) + TPI

YIKJIMX) = Y(1)

..............

.................
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C NOW ADJUST THE ARGUMENTS OF THE THETA ARRAY, SC AS TO BE CCNTINUGCUS D
F C ACROSS THE BRANCH CUT (ALONG THE NEGATIVE REAL AXIS) GF THE [F
~ C ATANZ FUNCTION. . THIS ADJUSTMENT ASSUMES THAT THE CONTOUR IS TN
1 C TRAVERSED IN A COUNTERCLOCKWISE DIRECTION. ;yiﬁ;r
s > G
b 8R = 0.0 b e
> PO = X{1) Ay
KOUNT = O
F DO 410 KJ = 2,KJMXM
. CHG = X(KJ) - PO
IF(CHG.GT.0.) GO TO 409
.. IF(CHG.LT.-PI) GO TO 408
tf KTUNT = KOUNT + 1
’ GO TO 409
] 498 BR = BR + 1.
- 409 CONTINUE
b PO = X(KJ)
f M(KJ) = X(KJ) + BR#*TPI
b o 410 CONTINUE 4
‘ f; IF (KOUNT.GT.0) WRITE(G,407) KOUNT
407 FORMAT(//S¥, ‘WARNING: THERE ARE’,I3,’' NEGATIVE INCREMENTS’,
§ * * IN THE ANGULAR VALUES OF SMALL GOMEGA ON THE 2LADE SURFAIZ’,
T %  //10X, ‘CHECK WHETHER THE ZS5 AND ZP ARRAYS ARE INTERCHANGED’.
- % //10M, 'OR WHETHER R US. THETA IS MULTIPLE-UALUED, IN JHICH',
% * CASE:’,//10X,’ - IF THE GPTION ICIRC = O IS BEING USEL. ',
- * * THE NEGATIVE INCREMENTS MUST BE REMOVED.’,//13X¥,’ TRY &/,
. % / GMALLER WALUE OF RTOL.,
. % //10X,’ - IF ICIRC = 1, NEGATIVE INCREMENTS ARE ALLOWED: ‘.
N * * HOWEVER., IF THE PHI/S ITERATIONS FAIL TO CONVERGE’,//13i,
e *  TRY A SMALLER VALUE OF RTOL GR A LARGER WALUE OF ANGERR’,
e * ' QR BOTH.',//)
. C
RMIN = 10.0
3 . RMAX = 0.0

DO 49 K = 1,KJMX
- IF(Y(K).LT.RMIN) RMIN Y{K)
o 43 IF(Y(K).GT.RMAX) RMAX Y(K)
- WARSCH = SORT(RMAX/RMIN) - 1.0
IF(WARSCH.LT.0.3 ) OM = 1.0
WRITE(B,202)
DD 43 KJ = 1,KJMX
ZS0MGA(KJS) = CMPLX(Y(KJ)Y#COSCX(KII ) »Y(KII#SIN(X(KI) 1)
43 Y(KJ) = ALOG(Y(KJ))

ZSOMGA NOW CONTAINS KJMX UALUES OF SMALL SMEGA ON THE BLADES

USE FFT TO FIND THE FOURIER COEFFICIENTS IN THE SMALL~OMEGA/ZETA
MAPPING:

aoOnonoonn

I = CMPLX(0.0,1.
4 G4
= 2Z#N
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PBN = PI/FLOAT(N)

N3Z = N/2

NBZ2P1 = NB2 + 1

ZNN = CMPLX(FLDATI(N},0.0)

ZWZN = CMPLX(COS(PBN),SIN(PBN))
CrMM = 1.0 - OM

DC 298 I1=1.,160

BETA(II)=0,

S(II)=0.
298 CONTINUE
FOR ICIRQ = 1, SET UP THE CONSTANTS FOR THE LLN(R), THETA SPLINE FIT T
IF(ICIRC.EQ.0Q) CALL CISPLN(Y,X,E+F,KiMX,1,178,1) *"x;
ALY
THIS SECTION (ENTERED WHEN ICIRC=:) COMPUTES THE RETA AND S .Qtit-
COORDINATES, AND SET UP THE CONSTANTS FOR THE BETA AND S SBLINE RN
_ S,
IF (ICIRC.NE.1) GO TD 297
ZA1(1) = CMPLX(0.,0.) e
D7 289 KJ = 2,KJMX FooRdse
238 ZAL1(KJ) = ZA1(KJ=1) + ABS(ZSOMGA(KJ)-ZSOMGA(KJI~1)) MSRONY
CALL ZISPLN(ZSOMGA,ZA1,ZEE,Z5F KJIMX,1,128,1) ROC
CALL ZISPLN(ZSOMGA,ZA1,ZEE,ZFF,KJIMX 4,128, 1 Talads
D3 290 KJ = 1,KJIMX N0R
BETA(KJ) = REAL{ZEE(KJ))
Z90 S(KJ) = REAL(ZFF{KJ)) hORSAN
795 CALL CISPLN(BETA,S,E,F,KJMX,1,128,2) Q}}iy
297 CONTINUE AN
R
WRITE(6,243) YT
243 FORMAT(3X, ‘BLADE-SURFACE IMAGE IN THE SMALL-GMEGA PLANE:‘,
¥ /3X,'KJ’,BX, ‘REAL‘, 10X, "IMAG’, 12X, ‘R’,9X, ‘THETA ', ey
% 14%X,'S’,14%X, 'BETA’+/) RN
D3 S1 KJ = 1,KJMX e e
WRITE(G,299) KJ,ZA(KJI)  EXP(Y(KJ) ), X(KJ),5(KJ),BETA(KI) p;s&i
299 FORMAT(IS,iPGEi4.5) RGN
51 CONTINUE i

F1

IF(ICIRC.ER.O) CALL THDGRK
IF(ICIRC.EQ.1) CALL BAUGRK (RMAX,RMIN)

ND ZETAA AND ZETAB
ZABST = ZMGA e
Z3BST = ZMGB el
RABST = 1.0 RN
RBEST = 1.0 R,
DRR = 0.1 N
DTH = 10.0%PI/180.0 N
THA = -9.04DTH —=
DO 21 I = 1,9 N
R = .19 + DRR#FLOAT(I-1) A
j&g\
RS
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“ Dl 22 J = 1,19 Rt
. TH = DTH#*FLOAT(J-1) + THA :
. ZTAGS = CMPLX(R#COS(TH) ,R*SIN(TH))
- IF (ICIRC.EG.O) b
. %  CALL CMETA(A.B,ZMG,ZTAGS,ZTANSR,B5,1.0E-20,1) el
o IF(ICIRC.EQ.1) "
o *CALL OMDZETA(ZOMTE.Z1.DR.DI,»ZMG,ZTAGS,ZTANSR,GS5,1.0E~00,1,20)

RA = CARS(ZMG-ZMGA)
IF(RA.GT.RABST) GO TO 23
RABST = RA
ZABST = ZTAGS
23 2ZTAGS = -ZTAGS
IF (ICIRC.EG.0)
#  CALL OMETA(A,B,2ZMG,ZTAGS,ZTANSR,55,1.0E-00,1)
IF(ICIRC.EG.1)
%«CALL OMDZETA(ZOMTE,Z1,DR,DI,ZMG,2ZTAGS, ZTANSR,BS5, 1 .0E~00,1,20)
R3 = CABS(ZMG-ZMGB)
IF(RB.GT.REBST) GO TO 22
RBBST = RB
;; ZBRST = ZTAGS
> CONTINUE
CONTINUE
' ZTAGS = ZABST
Moz 0
IF (ICIRC.EQ.0)
. *  CALL OMETA(A,B.ZMGA,ZTAGS,ZTANSR,B5,1.0E-05,)
. IE(ICIRC.EQ. 1)
: *CALL OMDZETA(ZOGMTE,Z1,DR,DI,ZMGA,ZTAGS  ZTANSRE5,1.0E-05,M,2¢)
IF(M.NE.S) GO TO 250
WRITE(B,261) ZTAGS,RABST
751 FORMAT(//5X, ’OMETA FAILED TO CONVERGE FOR ZETA A:’,
* /10X, 'ZTAGS = ',1P2Ei3.5,’ RABST =',E13.5)
" STOP
- 230 CONTINUE
- ZETAA = ZTANSR
. ZTAGS = 7BEST
KL Moo= 0
- IF (ICIRC.EQ.0)
* CALL OMETA(A,B,ZMGB,ZTAGS,ZTANSR,G5,1.0E-05,M)
IF(ICIRC.E@. 1)
#CALL OMDZETA(ZOMTE,Z1,DR,DI,ZMGB,ZTAGS,ZTANSR,B5,1.0E-05,M,20)
IF(M.NE.S) GO TO 262
WI1TE(G,263) ZTAGS,REBST
- 263 FORMAT(//SX, 'OMETA FAILED TO CONVERGE FOR ZETA 2:/,
. * /10X, ’ZTAGS = ‘,1P2E13.5,’ REBST =',E13.5)

MO |

‘.. . '»'

-

=) k)
N

S0P
.- 262 CONTINUE

- ZETAB = ZTANSR

-" C

) C FIND GAMMA, ALPHA, BETA, AND S FOR MAPPING TO ETA - PLANE
~ €

AP = CABS(ZETAA + ZETAB)
AM = CABS(ZETAA - ZETAR)
-, A2 = CABS(ZETAA*ZETAR)
-‘:.
[: B-12
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\ RN
Ei CHY = (2,0-AP#AP+2.0%AB+AR) /AM/AM Qk}ktf
RT = SORT(CHY#CHY-1.0) SO
CA = SGRT(ABS(CHY+RT))
! C3 = SGRT(ABS(CHY-RT)) T,
. S5 = AMINI(CA,C3) RO
ZAL = (2.0#ZETAA*ZETAB+(SS#SS# (ZETAA-ZETAR) -ZETAA-ZETAR) ey
N x /CONJG(ZETAA))/(SS#SS+(ZETAA-ZETAB) +ZETAA+ZETAB-2.0/ e
y # CONJG(ZZTAA)) Qe
73T = (2.0%ZETAA*ZETAB-ZAL*(ZETAA+ZETAB) )/ (ZETAA+ZETAR-Z.0 ———
) * #*ZAL)
r ZGM = SS#(ZETAA-ZBT)/(ZETAA-ZAL)
‘ >
_ 415 WRITE(G,245) ZABST .
t; 245 FORMAT(//10X, 'BEST GUESS FOR ZETA A IS ZABST = ‘,1PZELZ.3)
' WRITE(G,246) ZBBST
246 FORMAT(//10X, 'BEST GUESS FOR ZETA B IS ZBBST = /,1P2E12.3)
- WRITE(B,215) ZETAA,ZETAB )
b 215 FORMAT(// SX,'ZETAA = ‘,1P2E13.5,' ZETAB = ',2E13.5)
. WRITE(B,216) ZAL,ZBT,ZGM,SS
, 216 FORMAT(// SX,’ALPHA = ‘,1P2E11.3,’ BETA = /,2S:1.3,
(5 *# / GAMMA = ‘,2E11.3,’ § = ‘,2E11.3)
r C
C FINDING THE LOCATION CF BLADE-SURFACE PCINTS IN THE ZE74 PLANS SoLY
te € INVOLVES PHI(THETA), SINCE ® = 1. USE SPLINE INTERPOLATION
Iy c

PHI(129) = PEI(1) + TPI
. IT (ICIRC.EG.1) GO TO 211
- Ei129)=E(1)+TPI
CALL CISPLN(PHI,E,THT,F,129,1,1,2)
CALL CISPLN(PHI,E, X F,129,2,KJMN,2)
o GO TO 212
" 711 CONTINUE
E(129)=5(KJMX)

" CALL CISPLN(PHI,E,THT,F,129,1,1,2)
s CALL CISPLN(PHI,E,S,F,129,2,KJMX,2)
- 212 CONTINUE

WRITE(B,217)

217 FORMAT(//10X, ‘MAPPING FROM SMALL COMEGA - PLANE TO
# 7/ 3 KI . 11%, ‘SMALL OMEGA ', 23X, ‘ZETA ./ /)
DO 54 K = 1,KJMX
- R = EXP(Y(K))
’ ZX = CMPLX(R#COS(X(K)),R*SINC(X(K)))
Z¥G = CMPLX(COS(F(X)),SIN(F(K)))
IF(K.EQ.1.OR.K.E@.KJMX) ZYG = 71
ZNC(K) = ZYG
.’ 54 WRITE(B,218) K,2X:ZYG
28 FORMAT(IS,1P4E15.5)

ZETA - PLANE: -,

ZCC NIW CONTAINS ZETA ON THE BLADE SURFACES

l'l
N,

WRITE(G,202)

NGW DO THE MAPPING FROM THE ETA - PLANE TO THE KSI TILDE -~ PLANE.,
WHERE ETA/S = SN(KSI TILDE)

aooon
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AR = SS5+SS NI
AKG = AK*AK ' N
AKP = SGRT(1.0-AX3) PVENT
AKM = AKP#AKP
CALL ELLPT(P22,AK,RL,1)
TIK = 2.0#RL
CTR = -RL
CaPK = RL

CALL ELLPT(PI,AKP,RL,1)
CAPKPM = RL
WRITE(G,Z2Z2) AK,CAPK,AKP,CAPKPM

222 FORMAT(//10X, ‘COMPLETE ELLIPTIC INTEGRALS OF K AND K PRIME -,
ok " ARE AS FOLLOWS: ',

* /710X, KU F10.6, %) = Y, F10.6,54, ‘K(’,F10.6, ')
DO 35 1 1, KJMX

= ,Tl0.6)
ZA(I) = ZGM=#(ZCC(I)-ZALY/(ZCC(I)-ZBT)

ZA(I) NDW HOLDS ETA

ZTD = ZA(I)/SS

Tald = REAL(ZTD)

DLT = AIMAG(ZTD)

TSR = TAU*TAU

DSA = DLT#DLT

AT = 1.0 + AKG#(TSE + DSQ)

R = SART((1.0-AKA*TSA)#(1,.0-AKR*TSA) + AKG*DSE<{Z.0%*
* (1.0+AKQ*TSR)
* +AKQ#DSQ) )

BRG = 1.0 + TSG + DS@

BRT = SGRT((L.0-TS@)#(1.0-TSR) + DSG#(DSE+2.0+2.0#T53))
AM = (BRG-BRT)#(ART-RT)/4.0/AKQ/TSA

SGA = (T5G + DSG —-ALM) .o

SGA = SGA/(SGA+1.0-ALM#AKB+( TSG+DSA) )

IF(TAU.EQ.0.C) GO TO 403
RTALM = SORT(ALM)*TAU/ABS(TAU)
G5 TO 404

4023 RTALM = 0.0

414 SGN = 1,0

IF(DLT.LT.0.0) SGN = -1.0
RTSHGA = SGN#SART(5GA)
RTALM = ASIN(RTALM)

RTSGA = ASIN(RTSGA)
calL ELLPT(RTALM,AK,RL,0)
CaLL ELLPT(RTSGA,AKP,AG,Q)
I"(AG.GZ.0.0) GO TO 57
AL = ~AG
R. =-RL - TBK

57 ZAL(I) = CMPLX(RL,AG)

D CONTINUE

ZAL({I) NOW HOLDS KSI HAT

WRITE(G,2189)

219 FORMAT(////710X, 'MAPPING FROM THE ETA - PLANE TO THE XSI HAT - ¢,
«’ PLANE’, .

*® /77 3K, 'KJ' 15K, 'ETAY, 25X, ‘K81 HAT'.//)
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F DC 56 K = 1,KJMX
.. WRITE(GE,218) K,ZA(K),ZAL(K)
5o CONTINUE

NOW SET UP A GRID IN THE KSI-HAT PLANE, AND MAP IT BALK
TO THE Z ~ PLANE!

:4i ."a.
acn

f." ZA2(1) = ZTE
x ZAZ(KJMX) = ZTE
ZAZ(KJLE) = ZLE
DI 91 KJ = 2.KJ
K = KJLE -~ KJ
- S§1 2A2(KJ) = ZP(K)
DO 92 K = 1.KJS
KJ = KJLE + K
92 ZAZ(KJ) = ZS(K)

Lm

——

THE ZAZ2 ARRAY NOW HOLDS THE BLADE-SURFACE COGRDINATES, IN THE ORDER:
XKd = 10 TE
KJ 2,KJLMI PRESSURE SIDE, FROM TE 7O LE
Kd KJLE: LE
KJ XKJLP,XJMXMI SUCTION SIDE, FROM LE TO TE
KJ KJIMXI TE AGAIN

oo on

KM¥ML = KMX - i
. LMMM1 = LMX - 1
HCPKPM = CAPKPM/2.0
TWOCPK = 2.0%CAPK
N THCPK = 3.0#CAPK
o FOPK = 4.0#CAPK
ZAG = ZAL#ZGM
a EXINV = 1.0/EX
- SHXTE = REAL(ZA1(1))
. IF(SHXTE.GT.CTR) SHXTE = SHXTE-FCPX
SHK = —CAPKPM*CAPKPM/4.0/ (THCPK +SHXTE)
SHKINV = 1.0/SHK
IF(ISHEAR.ER.OQ) SHKINY
DSHX = 2.0/SLOAT (KMXM1)
> - DSHY = 1.0/FLOAT(LMXML)
: ZIG = ZI#SG
ZGAMMA*ZN
ZGAMMA*ZT
CEXP(PI#IXYN/SG)
CEXP(PI+ZXYT/SG)
ZFNI = 1./ZEN
ZSTI = 1./2ET
SGP = SG/TPI
2 = 0.5#50
ZEETE = ZA(1)
1. + SG®*ZEETE
1. - S8#IEFTE
ZEETE + SS
ZEETE ~ &5
ZAMR (L. /ZLA + 1./ZLB)#SS + ZAP#(1./7.C - 1./2LD)
ZI#(SS*(1./ZLA ~ 1./ZLB) - {./2LC - 1./ZLD)

0.0

"

(1]

ZXYN

ZRYT
. ZEN
. ZET

)
r
0n
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226

¢ = SG/TRI
G3 = -G#2DG/2DG

ZR00T = 4.#AK#* (ZAM+AK#ZAP) #(TAP+AK #ZAM)
ZR00T = ZROOT-GG*GG#AKM*AKM/Q/Q

RCOT = REAL(ZRDOT)

ROOT = SERT(ROOT)

Z5PB = (AKM#ZI#GG/Q ~ ROOT)/(2.#SS#(ZAM+AK*ZAP))
ALPC = ALP#180./PI

G = GG/Q

WUP = SERT(1.+GE#GO~-2.#GA*SIN(ALP))

WDON = SART(1.+GGE*GR+2.#GE*SIN(ALP))

UUP = COS(ALP)/WUP

UDN = UUP

UDN = —(SIN(ALP)+GQR)/WUP

VUP = ~(SIN(ALP)-GR)/WUP

W3 = WDN/WUP

BETAL = ATAN(UUP/UUP)#1B80./P1

BETAZ = ATAN(VDN/UDN)#180./PI

WRITE(B,226) ALPO,Q,.GG,ZSPE,UUP,VUP,BETAL UDN,UYDN,SETAZ,WR

FORMAT (/ /10X, "CONSTANTS FCR INCOMPRESSIBLE-FLLOW SOLUTION ARE”

o /710X, “ANGLE OF ATTACK IN THE ETA - PLANE =7,F10Q,5,
® //710X,’Q = ,F10.5,7 GG = »F1C¢.5,’ ETA(ETS3.PT.)Y = 7,
* 2F10.85,//75X, “INLET U/WQ,U/W0,.2ETALl =7,3F10.5,

® /8K, TOUTLET U/WO,U/WOBETAZ W/ WD =/, 4F10.5,//5

A o= 1 »

L o= 1

WRITE(G,202)

WRITE(B,205)

205

K

760

[
(59

770

R " -
R R AL R B I N S S}

FORMAT(/SX, '"MAPPING OF A GRID IN THE KSI-HAT PLANE’,

# /3Ry "AND INCOMPRESSIBLE~FLOW SOLUTICON IN THE X.Y PLANE’,
% /73X, 'K L7, 8X, K5I HAT',

* 15X 'ETA‘, 16X, '2ETA ', 13X, ‘SMALL OMEGA ',

# 10X, 72 MAPPED ", 14X, 'ZXY "', :

* /13X, “U/WO Y, BX, "W/WO 7, 7K, "PHT 27X, ‘PST 2/ /)

CALL ZISPLN(ZSOMGA,ZCC,ZEE,Z2FF,KJMX,1,128,1)

- LOOP STARTS HERE

CONTINUE
SHX = ~-1.0+DSHX#FLOAT(K-1)

- LDOP STARTS HERE

CONTINUE

SHY=DSHY=*FLOAT(L-1)

KIM=HCPKPM#(1.,0-SHY)

HIR KIM-HCPKPM)##2

HIR SHATE+ TWOCPK#{1,0+SHX) +XIR#SHKINY

-\

ZXAI(L,K) = CMPLX{XIR,XIM)

UYLV Y

R,

ey

.' e
\‘Fﬁ E‘d}ﬂ
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BYPASS IMAGE CALCULATIONS FOR POINTS THAT FALL ON THE IMAGES OF
PLUS OR MINUS INFINITY OR THE T.E.

IF(ISHEAR.EQG.2) GO TO 84
I-{L.EG.1.AND.K.EQ.1) B30 TO 73
IF(L.ER.I1.AND.K.EQ.AMX) GO TC 73

84 CONTINUE
IF(L.EQ.LMX.AND.K.EQ.1} GO TO 74
IS(L.EQ.LMN.AND.K.EQ.KMX) GO TO 74
IF(IDE.EQ.O0) GC TO 80
IF(L.EQ.LMX.AND.K.ZQ.XMXH) GO TO 81
GO TC 80

73 ZEETA(L,R) = ZEETE
JETA(L.K? (ZBT#ZEETA(L,K)-ZAG) /(ZEETA(L ,K)Y~2GM>
ZO0MAa((L,K) ZOMTE :
JENL (LX) EMPLH(GHX, SHY)
IRYA(L, Ry = ZTE#ZGAMMA
JUEL(L K Z8G6
ZENP{L,K? ZBG
GO 10 710
74 ZEETA(L,K} = CMPLKX(SS5,0.0)

ZETA(L,K) = ZETAA
ZOMA(L,X = ZIMGA

ZENLCL,K) = CMPLX(SHX.SHY)
ZUVEL(L,K) = CMPLX(UDN,UDN)
IFENP(L,K) = ZBG

GO TO 710
81 ZEETA(L,K)

CMPLX(=85,0.0)

ZETACL KDY = ZETAR
ZOMA(L,K) = ZMGB

ZFNL (LK) = CMPLX(SHX,SHY)
ZUEL(L-K) = CMPLX(UUP,VUP)
ZFNP(L,K) = ZBG

GO TO 710

20 CONTINUE
CAaLL JCELFN(XIR.XIM,AKQ,AKM,RLS,AGS5,1)
ZEETA(L,K) = SS#CMPLX(RLS.AGS?
IF{L.NE.LMX) GO TO 86
IF{K.LE.KMXH)Y ZEETAL,K)
IT(K.GT.EMXH)Y ZEETA(L,K)
&5 CONTINUE
TETA(L,K) = (ZBTHZEETA(L,K)-ZAGY/ (ZEETA(L . K)-2GM)
IF(L.NE.1) GO TO B2
FEE(L) = ZETA(L,K)
CALL ZISPLN(ZSOMGA,ZCC,ZEE,ZFF,KJMN,2:1,1)
ZOMA(L,K) = ZFF (1)

ZEETA(LK) — ZEPS
ZEETA(L.K) + ZEPRS

o
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g2 IF (ICIRC.ER.O)
* CALL GMETA(A,B.ZDMA(L,K).ZETA(LyK)'ZTANSR;EE.I.OE—OOyI}
710 CONTINUE
= L+ 1
S(LLLE.LMX) GO TG 770
+ 1

Ko

Lt = & . .
IF(X.LE.KMX) GO TO 7690
IF(ICIRC.ER.O) GO TO 763

AT THIS POINT, GRID CALCULATIONS IN THE ZXI, ZEETA, AND ZETA PLANES
ARE COMPLETE, FOR ALL L. AND K, AND IF ICIRC = ¢, THE SMALL-CMEGA-
PLANE GRID HAS ALSO BEZEN FOUND. THE FOLLOWING CALL CALCULATES THE
SMALL-OMEGA GRID FOR THE CABE ICIRC = 1.

CALL OMZTDR(DR,DI,ZETAR.ZETA,ZDMA,KMX, LMK I10E)
763 CONTINUE

K =1

L =1
761 CONTINUE

THE X AND L - LOCPS RESUME HERE

m

IF(L.EQ.L.AND.K.EQ.1} GO 7O 711!
IF(L.EQ.1.AND.R.EQ.KMX)Y GO 7O 714
IF(L.ER.LMX.AND.K.EG.L1) GO TO 712
IFIL.ER.LMX.AND.K.EQ.KMX) GO TC 712
IF(IDE.EQ.0}Y GO 70 762
IF(L.EG.LMX.AND.K.EG.KMXH) GO TO 712
762 CONTINUE
Z20M=ZC#(ZOMA(L,K)=2D)/ (ZOMA(L,K)=28)
RAD = CABS(ZBROM)

ARG ATANZ (AIMAG (ZBOM) , REAL (ZBOM) )
RADEC = RAD##EXINVY
ARGDO = EXINU®ARG

280MK = CMPLX(RADO#COS(ARGOD) ,RADO*SIN(ARGO))
NOW FIND ZXY, GIVEN ZBOMK

ZAYV(L,K) = SGP#CLOG((ZET-ZBOMK#ZEN) / (ZETI-ZEGMK#ZENT ) |
IFCL.NE.L1) GO TO 93
ISCOATMAGIZRY (L, KD ) =YY (K=1,L)) ,LT.=82) 2XV(L,K) = ZHY(_.&. + IG5
ISCAIMAG(EZXY AL K)) =YY (K=-1,L)).6T.82) ZXY¥(L,X) = ZINVIiL,<: -ZIG
GO T3 90
93 CONTINUE
IFC(AIMAGIZXY (L, K) ) =YY(K,L-1) ) LT.=SZ) ZXY(L.K) = ZX¥{L,XK: + ZIG
IF((AIMAGIEINY (L, K) ) =YY (X, L=1)).GT.82Z) ZXY(L,K) = ZXY(L,K) = ZIG
S0 CONTINUE
72 CZONTINUE

ZFNL(L,K) = CMPLX(SHX,SHY)

ZLA = 1. + SS#ZEETA(L.,K}
2B = 1. - BS*ZEzTA(L.K)
7 C = ZEETA(L,K) + S5
ZLD = ZEETA(L,K) - SS
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712
711

225

IR

Q‘G |'l
L] .ef
v

ZWE = Q#(S5S#(1,/ZLA+1.,/2L8)#2AM+ZAP# (L. /ZLC-1./2LD)) ﬁ{ﬁg

ZWE = ZWE+ ZI#GG#(SE#(1./ZLA-1./2LB)-1./2LC-1./ZLD) e

ZLA = CLGG(ZLA) ’

2.8 = CLOG(ZLB)

ZLC = CLECG(ZLC)

ZLD = CLOG(ZLD;

X.C = REAL(ZLC)

XLD = REAL(ZLD)

YLE = AIMAG(ZLC)

YLD = AIMAG(ZLD)

IF(YLC.LT.O0.) YLC = YLC + TPI

IF{(YLD.LT.0.> YLD = YLD + TPRI

ZLC = CMPLX(XLC,YLD)
' D = CMPLX(XLD.YLD)
ZFNP(L,K)
ZFNP(L,K)J

CULATE THE VELOC:ITY

ZDR = ZDA

Z2DC = ZETA(L.K) - ZBT

2L = ZGM#(ZAL-28T)/2DC/ZDC
hR = ZDR=+ZIDC

I (ICIRC.EQR.D)

* CALL OMETA(A,B,ZCMA(L K} ,ZETA{L,K),

Ir(ICIRC.EG. D)

«ZALL OMDZETA({ZOMTE.,Z1,DR,DI.ZOMA(L,K)}

ZUR = ZDR/ZTANSR

ZDE = ZCMA(L.K) —- 2B

ZDE = ZC#(ZD-ZB)/ZIDE/ZDE
Jbr = ZDR/ZDE

2 = ZXYIL,K)/ZGAMMA

2T = (Z2-Z7)/2ZDN

ZZN = (Z-ZN)/ZDN

ZT2 = CSIN(ZPI#ZIT)

Z'4 = CSIN(ZPI#ZZN)

2:L = CEIN(ZPI#(ZZN-ZZT))
Z0T = ZPI#ZBUOM#EX#+ZT1/ZDN/ITZ/ZT4
ZDR = ZDR#ZDF

ZVEL(L,K) = CONJG(ZWE*ZDR)/WUP
Go TO 711

ZHY (LK) = 2.0#ZALMX-1) - ZA{LMX-2)

WRITE(5,:224) K,L,2ZRI(L,K),ZEETA(L,K)  ZETAC(L,K),ZOMA(L ),

* ZFEML(L,K) , XYV (LK)

W™ TE(G,225)ZVEL(L,K),ZFNP(L,K)
~ORMAT(8X,12F10.3)

Ze{L) = ZRY(L,K)

KA(K,L) = REAL(ZHY(L:K))
WKL) = AIMAG(ZIXY (L, ,K))
CONTIMNUE

L=L +1

IF(L.LE.LMX) GO TO 761

B-19
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Q# (ZAM* (ZLA-ZLB)+ZAP# (ZLC-ZLD))
ZFNP(L,K)+ZI#GG#(ZLA+Z2LB-ZLLC-ZLD)

rZETA(L,K)Y  ZTANER,BS,1.,2,20}

ITANSR,BE, L. ,2}
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KRAITE(B,202)

IF (PNCHZA) WRITE(7,210)
K =K + 1
L= 1
IF(K.LE.KMX)
CONTINUE

(ZA(

GO 70 76t

70

STGPR

FORMAT(BF10.4)
FORMAT(//7)
FORMAT(1P4EZ20.13)
FORMAT(2I4,12F10.5)
EnD

100
202

210

204

SUBRDUTINE CISPLN(Y.,X,E,F,NP

Ly -L=1,LMX)

» IRTN,NRTN,NFD)

Ladontad

THIS SUBRCOUTINE FITS A CUBIC SPLINE TO A FUNCTION Y({(X), DEFINED BY
NP PAIRS OF POINTS. THE SECOND DERIVATIVE OF THE FUNZTTCN
IS PERIODIC. IF NPD = i, THE FUNCTICGN ITSELF I8 ALSO
PERIOLCIC, WHILE IF NPD = 2, THE FUNCTION INCREASES 8Y Z.#PI
EVERY PERICD, iN WHICH CASE 7THE LATA PASEED TO THIS
SUBROUTINE SHOULD HAVE THE PROPERTY THAT Y (NP) = Y (1) + Z.#PI;
THE SUBROUTINE WILL THEN SET

Y(NP+1) = Y¥(2) + (NPD-1)#Z.+PI, AND

KINP+1) = X(NP) + X)2) - X(1)
SOLUTIONS FOLLGW PAGES 8 -~ 1S GF
THE THEORY OF SPLINES AND THEI® APPLICATIONS, BY J. fl. AHLBERG,
E. N. NILSON, AND J. L. WALSH, ACACDEMIC PRESS, 1967

NOTE THAT Y.X.E,AND F ARE, RESPECTIVELY, ORDINATE. ARGCISS5A,A8SCISSA,

AND ORDINATE.

IMPLICIT REAL(A-H,0-Y),COMPLEX(Z)
DIMENSION
DiMENSION S(1G0),T(160),U(160).D(16M)
D<TA TPI/6.28318B530717895/

THIS SECTIGON (ENTERED WHEN IRTN =

Y(160) X (160),E(L160),F(1B0),BDA(IBO) »EM(IBO) /HI1IBD:

1) USES THE NP PAIRS OF INPUT

COORDINATES X AND ¥ TO FIND THE COEFFICIENTS OF THE SPLINE FIT.
THESE COEFFICIENTS - HERE CALLED EM(KJ) - ARE 7THE SECIOND DERIVATIV
JF THE FUNCTION.
IF{IRTN.EQ.2) GO 70 20
NPM = NP - 1
N = NP + 1
DO 1 KJ = 2,NP
1 H(KJ)Y = X(KJ) - X(KJ-1)
H{N) = H(2)
DO 2 KJ = Z,NP
2 BDA(KJY) = H(KJ+1)/(H(KJI+H(KJ+1))
B-20
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Z,NPM
2.0 + (1.0 ~ BDA(KJ))I#E(KJ-1)
-3DA(KJ) /DN

2% 0o
o
]

1

N
E{(KJ)
Dexdo
= Q.O0#((Y(KJ+1)=-Y(KJ))/H{KI+1}
% (YK=Y (KI=1))/HIKJ)) /{HIKJI+H (K J+1))
CiRJ) = —(1,0-BRA(KJ)I*S(KJ~1) /DN
3 TiKJ) = (D{KJ)-(1.0-BDA(K ) i#F(KJ=11)/DN
YINY = Y(2)
IF(NPD.EG.2) Y(N) = Y(N) + TPI
DINP) = B.O#((YI(N)=Y(NP))/H(Z)}
* =~ (Y (NP)=YINPM))/HINP) )/ (H{NP)+H(2))
NoMM = NP - 2
TINP) i.0
VINP) 0.0
DO 68 I = 1,NPMM
Kt = NP - I
TIKJ) = E(KII#T(KJI+1) + S(KJ)
VIKJ) = E(RKI)#U(KJI+1) + F(KJ)
& CONTINUE
FM(NP) = (D(NP)-BDA(NP)#*U(2)-(1,.0-BDA(NP)Y)#V(NPM))/
® (BDA(NP)#T(2)+(1.0-BDAINP) I *#T(NPM) + 2.0)
s 4 I = 1,NPM
Ke = NP - I
4 EM(RKJ) = E(KJIREM(KJI+1) + FKD) + S(KJ)®EM(NP}
S ZE = ABS(X{NP)-X(1))/10.0

Rt TURN
THIS SECTION (ENTEXZD WHEN IRTN = 2) RETURNS NRTN INTERPGLATED PSS
VALUES OF THE ORDINATE F AT ASSIGNED VALUES GF THE AESCISSA 2. ANV
e
’10 KJ - LA’::::'., %
“~ = £ ‘-ﬁ °, \l
DO 21 J = 1,NRTN éﬁsxgv
fo= E(D)
24 IF(A.LE.X(KJ)) GO TO 23
Ko o= Kd + 1

IF(KJ.LE.NP ) GO TO 24
DF = A - X(NP)
IF(DF.GT.SIZE) WRITE(G,200) J,E(J),NP,X(NP)
200 FORMAT(//10X, 'WARNING - ENTRY IN CISPLN EXCEEDS END OF BAGE ‘.,
#* ‘ARRAY ', /5%, 'E(*,13,’) = ‘,1PE16.8,’ EXCEEDS X(’',13.') = ‘',
*® E1G6.8)
D~ = A4 - X(1)
IF(DF.LT.(-SIZE)) WRITE(G,Z201)J,204),K(L)
201 FORMAT(//10X, 'WARNING - ENTRY IN CISPLN IS LESS THAN THE FIRST’.
+ ‘/ BASE POINT’,
* /3K, 'EC7»I3,7) = /,1iPEL1B.8,° I3 LESS THAN X(1) = ‘,Ei6.8)

i{J = NP

23 DXA = X(KJ) - A
DAB = A = X(KJ-1)
C3A = DAA*DXA#DXA
C3B = DXP#DXB#DXB

F{J) = (EM{KJ—1)#CBA+EM(KJ)*CBB)/B.0/H(KJ)
* + DHA#R(Y(KJ=1)-EM(KI=1)#H(KJ)#H(KJ)/G.0)Y/H(KJ)
* + DXB#(Y(KJ)=EM(KI)#H(KXJ)#H(KJ)/B.0) /H(K D)
21 CONTINUE

RETURN




——
T
B

L
Lo

OO0 O om

RS

OO aOno

[ N B e W o el o |

SO0

SUBROUTINE ELLPT(AR,AK.ANS,KGMP)
IMPLICIT REAL{A-H,0-Y),COMPLEX(Z)
DiMENSION S@(12)

DeTA K/717

DOTA PI/3.1415926535897/

THIS SUBROUTINE =VALUATES THE ELLIPTIC INTEGRAL GF
WITH ARGUMENT AR (AN ANQLE IN RADIANS), AND PARAME
NUMBER) .

THIS ZVALUATION USES EG.(14) OF: Y. L. LUKE, ‘APPROXIMATIONE

FOR ELLIPTIC INTEGRALS’. MATH. COMP., UOL. 22 (JuULY 1988}, PP 527-
534, WITH N = (2.

«0OMP = 0.1 FOR THE INCOMPLETE, COMPLETE INTEGRAL. RESPECTIVELY,

HE ZIRET KI1%ND,
i® &

IF(K.GT.L)Y GO TO 11
no= 2
TNP = 25.0
DO 10 M = 1,12
THM = PI#FLOAT(M)/TNP
S = SIN(THM)
10 S3(MY = 5x§5
1i AKK = AK#AK
S~ = Q.0
IF(KOMP.EQ.1)Y GO 7O 40
U= TAN(AR)
ZOM = §,12
G o= SERTIL.O0-AKK#53(M))
= ATAN{SG®TN)
v = GM ~ T/5G
ANS = (AR + 2.0%SM)/TNP
RETURN
43 DO 41 ™M = 1,12
SG = SORT(1.0-AKK#SQA(M))
41 SM = SM + 1.0/8G
AMNS = PI#{1.0+2.0#SM)/2.0/TNP
RETURN
END

t i

m i
4

[¥]

L

SUBROUTINE JCELFN(RL,AG,AKG, AKM,RLS,AGS , M)

WHEN M.EG. .,
THIS SUBROUTINE RETURNS THE JACOBIAN ELLIPTIC SINE
OF A COMPLEX ARGUMENT:

RLS + I#AGS = SN(RL + I+AG,K)
USING THE ARITHMETIC - GEOMETRIC MEAN FORMULA (SEE P.S7 Ci
S _TH R - G E - 371, HANDBOCK
GF MAIHEMAT§CAL FUNCTIONS, ED. BY M. ABRAMOWITZ AND i. A. STEGUN,
UiS' NATIONAL BUREAU CF STANDARDS, ARPLIED MRTHEMATICS SERIZS, S35,
JUNE 1964).AND THE ADDITION FORMULA FDR THE SN (SEE ZQUATION 125,01
P. 24, OF HANDROOK GF ELLIPTIC INTEGRALS FOR ENGINEERS AND

PHYSICISTS, BY P. F. BYRD AND M. D. FRIEDMAN, BPRIMNGER® VEILAG, (5S4,
ARG = K##2, AKM = 1. - Ka#D

e ~

WHEN M.EG.Z, THE GUANTITIES RETURNED ARE THE REAL AND IMAGINARY PARTS
OF THE PRODUCT CN(..)#DN(..), WHICH IS THE DERIVATIVE OF THZ SN:i..)
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200

.......

IMPLIC
Di4ENS
K =1
AlL)
B(i7
co)
00 6
Al
B{I}
Gl
IF(ABS
SONTIN
KRITE(
FOGRMAT
270P
NM = 1
N =1
IF(K.E
PHIN)
Do 11
4 =N
PH{J)
IF(K.E
aa g
CNK
DNK

Hoo =~ 0 i

WS 0w

Tap
g(1) =
cC(1) =
G TO
PH(N)
G TO
SNP
CNP
DNP
DAM
Ik (M
R.S
AlLS
RETURN
RLA
AGA
R.B
A=B
RLS
ACS
Re TURN

B

E

oo n

IT REAL(A-H.0-Y) ,COMPLEX(Z)
ION A(Z0).B(20),C(20),PH(Z20)

1.0
SART (AKM)
SERT(AKQ)

= 2,2
(A(I-1)+B(I-12))/2.0
SORT(A(I-1)*B(I-1))
(A(I-1)-B(I-1)1/2.0
(C(I)).LT.1.0E-09) GO TG 7
UE
6,200) RL,AG
(//7/710%, ' JCELFN FAILED 70 CONVERGE FOR Z = ‘,iPZELS.4)
-1

Q.2) GO TO 20

= A(N)#RL#Z##NM

L = 1,NM

= (PH(J+1)+ASIN(C(J+1)#SIN(PH(J+1))Y/ACJd+1) ) /2.0
3.2) GO 7O 490

SIN(PH(1))

COS(PH(1))

CNK/CDS(PH(2)~PH(1})

B(1)
c(1)
T™MP

5

= A(N)#AG*2##NM

is5

SIN(PH(1))

COS(PH(1))

CNP/COS(PH{Z2)Y-PH(1})

1.0 ~ SNP#SNP#DNK#*DNK

@.2) GO TO 50

SNK #DNP /DNM

CNK *DNK #SNP#CNP/DNM

CNK#CNP

SNK#DNK#SNP*DNP
DNK#CNP#DNP
AKG#SNK #CNK #SNP
(RLA*RLB-AGA*AGR) /DNM/DNM
(-RLA#AG2-RLB*AGA) /DNM/DNM
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SUBROUTINE OMETA(A,B,ZMGA,ZTAGSZTANSR,N,EPS,M)
i ICIT REAL(A-H,O0-Y),EOMPLEX(Z)
DiMENSION A(GS),B(65),ZL(BS)

IF M.EG.O,

THIS SUBROUTINE USES NEWTON - RAPHSON 7O FIND ZETA(OMIGA) I
ANOWN YALUE OF OMEGA. ZTAGS IS THE INITIAL GLESS AT ZETA,
THE SOLUTION, AND EPS IS THE TOLERANCE ON THE ANSWER.

M IS RESET 7O S AS AN ERROR RETURN IF THESE ITERATIONS

D3 NOT CONVERGE.

T

IMs i5 A
ITANGR IS

iF M.EQ@.1., THIS SUBﬁOUTINE RETURNS THE YALUE OF OMEGA (IN ZMGA3
FOR A GIVEN VALUE OF ZETA (IN ZTAGS).

IF M.EG.2, THE GUANTITY RETURNED
GIVEN VALUES OF COMEGA (IN ZMGA) AND

(IN ZTANSR) IS D OMEGA/D
ZETA (IN ZTAGS)

ZETA,

FOR

EMPLX(1.0,0.0)
ZTAGS
-1

HuwDa

= Z MM

— X0 e

N
1

Ui

CONTINUE

ZSMA = CMPLX(A(N),B(N})
IS(M.EQ.1) GO TO 22
ZSMB = ZS5MA#FLOAT (NM)
IF(M.EF.2) GO TO 40

D 10 4 = 1,NM

I5MA = ZETA#ZSMA + CMPLX(AIN-J),B(N~-J))

cntB = ZETA#ZSMB + CMPLX(A(N-J) ,B(N~-J2)*FLOAT (NM-J)
10 CONTINUE

ZaXP = CEXP(ZSMA)
Z0 = ZETA#ZZXP -
ZUG = ZEXP#(Z!
ZFTOLD = ZETA
ZETA = ZETOLD - ZG/ZDG
IF(CABS(ZETA-ZETOLD).LT.EPS)
I = IT + 1
I=(CABS(ZETA).CGT.1.0) ZETA =

ZMGA
+ ZSMB)

GG TO 20

0.9 ®#ZETA/CABRS(ZETA)

IF(IT.LE.50) GO TO S
M =95
RETURN
20 ZTANSR = ZETA
RZTURN
2% DO 21 J = 1{,NM
ZSMA = ZETA#ZSMA + CMPLX(A(N-J),B(N=U1))
&1 CONTINUE
ZEXP = CEXP(Z5MA)
IMGA = ZETA#ZEXP
RITURN
49 DO 41 J = 1,NM
4. Z8MP = ZETA#ZSMP + CMPLX(A(N-J),BI(N-J))#FLOAT (NM=-J)
Z1ANSR = ZMGA#(Z1+ZSMB) /ZTAGS
RETURN
END
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SUBROUTINE SHAPE(C,H,G,EX,2ZP,ZS,KJS,KJIP)
13LICIT REAL (A—H,D-Y),COMPLEX(Z) e
DIMENSION Z5(80),ZP(80) Tatntid,
D7 10 K = 1,KJS
10 READ(S,100) ZS(K)
DI 20 K = 1,KJP

F- 20 READ(S,100) ZP(K)

P,
2
lf‘ Wt

100 FORMAT(8F10.0)
RETURN
END

SUBROUTINE SHUFL(N,ZA&,ZCC) :
N C s N
[( C THIS SUBROUTINE TAKES THE N COMPLEX VALUES IN ARRAY ZA, WHICH WERE i}?ﬁﬁT
C COMPUTED AND STORED IN REVERSE BINARY ORDER BY FFT AND "SHUFFLZS" SR
g C THEM INTC PROPER ORDER USING ARRAY ZCC FOR INTERMEDIATE STORAGE. IV
&; g N IS ASSUMED TD HAUE THE FORM 2##M. RSG
IMPLICIT REAL (A-H,0-Y),COMPLEX(Z) o)
o DiMENSIDON ZA(GS),ZCL(B5),IAL(S) ,KR(B4) Dy
%. DéTA KALL/O/ ' NGRS
DATA IAL/B#0/ E;Zﬁ{
. IF (KALL.EQ@.1) GO TO 10 AL
. KoL = 1 , ‘
: D 341 J® = 1,N ARG
J = JP - 1 o Ny 8
gu IAL(G) = J/32 3?}3&.
N J = J - 32#IAL(B) e
1AL(S) = J/16 A
m J = J - 16#IAL(S) —
- Ie_(4) = J/8 TN
. LSS
J = J - B*IAL(4) : .-B.j-::?
. IAL(3) = J/4 MY
oy J = J - 4%IAL(3) t.-:ltigi*
- 1AL(2) = J/2 oA
J o= J - 2#IAL(2) SN
 ~ 1ALCL) = J | b
3 341 KR(JP) = oo
% 322 IAL(1)+16#IAL(2)+B8#IAL () +4* 1AL (4)+2#IAL(S)+IAL(E} 5;&1&
- 1" DO 342 J = 1,N RO
- 342 ZCC(J) = ZA(KR(J)I+1) RIARANE
. DO 380 JP = 1,N sTaTeE
t 450 ZA(JIP) = ZCC(JP) ‘ b
= RTURN R
b - END
3
1




SUBRCUTINE THDGRK

THIS SUBROUTINE MAPS AN OVAL TO A UNIT CIRCLE., UWSING A VARIANT GOF
THE THEGDORSEN-GARRICK TRANSFORMATION AND FAST FOURIER TRANSFOR®™
TECHNIGUES. (SEE REFERENLCES AT BEGINNING OF MAIN PROGRAM).

oY R
o on

IMPLICIT REAL (A-H,O-Y),COMPLEX(Z)
E? COMMON/TGINTG/N:NP1,NP2,N2,NB2,NB2ZP1sIP, IPMX s ITP s TWK » IMX s K JMX
: COMMON/TGCMPX/Z1» ZW2N,Z1 » ZNN, ZA» ZCC » ZA1 » ZA2
COMMON/ TGDELE/PBN,OM, OMM, ANGERR » A, B+E,F, THT , PHI . X, Y, BETA, S, DR, DI
t: DIMENSION X(1B0),Y(16B0),E(160),F(160),THT(150),
& % 3ETA(160) ,S(160)
DiMENSION PHI(130),A(BS),B(BS),2CC(GS),DR(E5),DI(55),
*  ZA(1BS),ZAi(1B5),ZA2(1GS),
E # T IWK(7)
DIMENSION ITP(100)

- 301 DO 300 I = 1,N2
% 300 PHI(I)=PBN#FLOAT(I-1)

DO i0 I=1,B5
ZCC(I) = 0.
ALT) = O,

‘ B(I) = 0.

' 10 CONTINUE

_ DM 11 I=1i,1B0
11 E(I) = 0.

lrE

k; WRITE(G,401)

-3 WRITE(G,401)
401 FORMAT(//10%, 'PROGRESS GF PHI / THETA ITERATIONS IS AS FOLLOWS:‘//
% 1 3%, ‘IT’,4%, 'DEMX‘, 4}, ‘NO. OF THETA REVERSALS')
- c
o C FIRST GUESS IS THETA - THETA(TRAILING EDGE) = PHI
.: C )
DO 315 K = 1,N2

= 315 E(K) = X(1) + PHI(K)
w 305 DEMX = 0,0

c

© USE AJ AND BJ TO SET NEXT APPRONIMATIGN TO THETA

- c
e ZCC(1) = CMPLX(Q.0,0.0)

DO 302 JP = 2,N »
“w 302 ZCC(JP) = CMPLX(B(JP)/2.0,-A(JP)/2.0)
" FUSINPL) = CMPLX(0.0,0.0)

2 = Z1/2WEN

. DO 303 NP = 1,NB2P1

e Zal(NP) = ZCC(NP) + CONJG(ZCC(NPZ2-NP))
ZuW = ZW#ZWZIN

.................
..............................
............................
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303 ZA2(NP) =

Zhi# (ZCC(NP)Y~CONJG(ZCC (NP2-NP) )
DO 304 NP = {,NBZP1
304 ZA(NP) = ZA1(NP) + ZIi#ZAZ(NP)
Dt 309 NP = 2,NBZ2
509 ZAINPZ-NP) =
*  CONJG(ZAL(NP)} + ZI#CONJG(ZAZ(NP))
CALL FFT(ZA,6,IWK]}
Ceul SHUFL(N,ZA,ZCC) .
Ril)y = X(1) - PHI(1) - REAL(ZA{1))
D 3068 K = 1,64
TMP = E(2#K-1)
Ei2#K-1) = REAL(ZA(K)) + PHI(2#K-1) + B(1)
THT(2#K—-1) = E(2#K-1)
DEM = ABRS(TMP-E(2x#K-1))
IF(DEM.GT.DEMX) DEMX = DEM
E(2#K—-1) = OM#E(2%¥K~1) + DOMM#TMP
TmP = E(2%K)
E(2%#K) = AIMAG(ZA(K)) + PHI(Z2%K) + B(1)
THT(2#K) = E(2#K)
DM = ABRS(TMP-E(2xK))
I~(DEM.GT.DEMX) DEMX = DEM
Ti2eK) = OM*E(Z#K) + OMM=*TMP
G06 CONTINUE
IF(IT.NE.ITR(IPY)Y GO TO 840
IP = IP + |
wK2ITE(G.B41) IT
241 FORMAT(/3X,
* ‘THETA BEFOREZ AND AFTER RELAXATION 4T IT = ‘.14
KW2ITE(G,B32)(THT(I),I=1,128)
- WHITE(B,83Z2)(E(I).I=1,128)
£32 FCGRMAT(1P10QE13.5)
2.0 CONTINUE
IF(IT.GE.ITP(IPMX)) STOP

NOW JSE THESE THETAS TO GET THE NEXT APPROXIMATIGN 7O LN Ri{K)

CALL CISPLN(Y,X,E,F,KJMX,2,128,1)

NOW FIND THE AJ AND BJ COEFFICIENTS CORRESPONDING TO THE LN R(x. DATA

DO 310 JP = 1i.,N
310 ZACJP) = CMPLX(F(2#JP-1),F(2#JP))
DO 307 NP = i,N
307 ZA(NP) = CONJG(ZAINP))
CelllL FFT(ZA,G,IWK)
D 308 JP = 1,N
308 ZA(JP) = CONJG(ZA(JP))/ZNN
CoLi SHUFL(N,ZA,ZCC)
28(BS) = ZA(1)
DO 311 NP = 1,NB2P1
Ze1(NP) = (CONJG(ZAINP2-NP)) + ZA(NP))} /2.0

311 ZA2(NP) = ZI#(CONJG(ZA(NP2~NP)) — ZAI(NP)I)>/2.0 -
2w = ZW2N : o

DO 312 NP = 1,NB2P! 3

ZW = ZW/ZWZN -

-
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ZCC(NP)Y = (ZALINP)I+ZAZ(NP)#ZW) /2.0

'-,..". :
%]
o]

2w = Z1/ZW
DO 313 I = 2,NBZ
Zw = ZW*ZWIN

N2 = NB2 + I

223 = (ZA1(NP2Z-NP)Y+ZAZ{(NPZ-NPY#ZW) /2.0
ZCC(NP)Y = CONJG(ZER)

ALY = REAL(ZCC (1)

ZCCINPLY=0.5 #CONJG(ZAL (1) =-ZA2(1))
A(8S) = REAL(ZCC(BT}))

Df* 314 NP = Z2,N

A{NP) = Z.0#RZAL(ZICC(NP))

1
W

3:4 B(NP: 2,0xAIMAG(ZCC (NP))
C
C CHECK FOR CONVERGENCE
C
IF(IT.EQ@.1) DEMKX = 1.0
NEY = 0
DO 809 LL = 2,128

B39 IF(E(LL).LEZ.E(LL-1)) NRV = NRV + 1
WRITE(B,400) IT,DEMX,NRY
400 FORMAT(IS,1PE1Z2.3,1I8)
IF{DEMM.LT.ANGERR ) GO TO 316
IT = IT + 1
IF(IT.LE.IMX) GO TD 305
W=ITE(B,213)
213 FORMAT(//SX, "ITERATIONS FOR A AND B DID NOT CONUVERGE ")
SGP

!

316 WRITE(B,203) IT,O0M,DEMX .
203 FORMAT(//710X,’A AND B ITERATIONS CONVERGED AT IT = 7,13,
% ’ USING OM = /,FB.3,‘ . MAXKIMUM ANGULAR ERROR =
% iPEL2.3,’ RADIANS")
WRITE(B,220)
220 FORMAT(// 84X, 'K, 11X, 'THETA' 13X, 'PHI '/ /)
pnoB3 K = 1,128
BY WRITE(B,221) K,E(K),PHI(K)
721 FORMAT(IS,1P2EZ0.6)

C
RETURN
END
SUBROUTINE BAUGRK (RMAX,RMIN)
C
: THIS SUBROUTINE MAPS AN OUAL TO A UNIT CIRCLE, USING THE
c HALSEY-JAMES AND FAST FOURIER TRANSFCRM TECHNIGUES.
C

IMPLICIT REAL{(A~H,0-Y),COMPLEX(Z)
COMMON/TGINTG/N, NP1, NP2 NZ NBZ/NB2PL,IP, I2MX, ITP, Tk, IMX,KJMX
COMMON/TGEMPX/Z1,ZWEN,ZI,ZNN,ZA,ZCC,ZAL,ZAZ
COMMON/TGDBLE/PEN,OM,OMM, ANGERR,A,B,E,F, THT,PHI,X,Y,BETA,S,DR, DI
D:MENSION X(160),Y(1B0),E(1BQ) ,F(160),THT(1GO),

# BETAR(160),S5(160)

B-28




LIPS PFITEE SR Pl
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S
N\ .a:_?.::-\
L t_*_'t’;:-:_d;i
DIMENSION PHI(130),A(GS),B(B%),2CC(BS5),DR(BS5),DI(ES), t}{;a
F # TA(L1BS),ZAL(1IBS),ZAZ(LIBS) , IWK(7) -—*1-‘5‘
p; D MENSIDN ITP(10O)
¢
- DO 8 I=1,N2+1
F. 8 PHI(I)=PBN®#FLOAT(I-1)
. C
DO 9 I=1,NP1
" FOC(I)=CMPLY(O.,0.)
f: DI{I)=0.
DF(I)=0.
. S CONTINUE
L DO 10 I=1,160
: 10 ECI)=0.
IT=0
C
E c FIRST GUESS IS ARS(DOMEGA/DZETA) = (RMIN+RMAX:/2.
L
‘ RAV= (RMAX+RMIN) /2.
L- PO 11 J=1,N2+i
11 F(J)=RAY
HPBiN=PBN/Z.
; WRITE(G,401)
v 40 TORMAT(/ /10, 'PROGRESS OF PHI/S ITERATIONS IS AS FOLLOWS: ‘//
#3%, "IT’, 4%, 'DSMX’,B¥X,» ‘NO. OF ARG(DOMEGA/DZETA) REVERS&LS’}
€99 CDNT NUE
'
iF (;1._E.Iﬁx) GO TO 801
WITE(G, 800)
{ 800 FORMAT{(//5%, 'ITERATIONS FOR DI AND DR DID NOT CONUERGE ‘}
S0P
£01 CONTINUE
- DSMK=0.
l‘. C -
C USE ARS(DOMEGA/DZETA) TO APPROMIMATE THE NEXT S
[
. E(i)=0,
N DI 12 I=2,N2+1
THT(IV=E(I)
- 12 E(I)?E(I—1)+HPBN*(F(I)+F(I—1))
. Lr. 13 I=2,N2+1
E(I)=S{KJIMX)I#E(I)/E(NZ+1)
. DG=A2S(THT(I)=S(1))
b I (DS.LE.DSMX) GO TO 1S
¢ ENMAX=E (D)
DH% =D§
N FKMAX=T
L 15 CDNTLuUE
ToP=THT (1)
= THT(I)=E(I)
e EtI:=0M*E(I)+0OMM%#TMP
. 12 CONTINUE
IF (IT.NE.ITP(IP)) GO TO 840
o TET(1)=E(1)
T I19=IP+1
! B-29
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‘FT WRITE(G,841) 1T e
5 841 FORMAT(13X, ‘S PEFORE AND AFTER RELAXATICN aT IT = ‘»14) N
WRITE(B,832) (THT(I),I=1,N2+1) S

\ W2ITE(G.832) (E(I),I=1,NZ+1) e
E 12 FORMAT(1PI0ELI3.S) D
£40 CONTINUE T

IF (IT.GE.ITP(IPMX)) STOP N

T~
v x ®
%7
(3]

CHECK FOR CONVERGENCE

IF (IT.EG.1) DSMX=1
NRU=0Q
DO 8032 LL=2,N2

_ 809 IF (E(LL).LE.E(LL-1)) NRY=NRU+1 e
t. W TE(G,400) IT,DSMX,NRY o
N £00 EORMAT(IS,1PE1Z2.3,18) s
IF (DSMX.LT.ANGERR) GO TO SGO L
- c o
;[i C NCW USE THESE S5 TO APPROXIMATE THE NEXT BETAS e
C T
_ CALL CISPLN(RETA,S,E,THT,KJMX,2,128,1) A
A -. C ~ - .b
‘ C  CALCULATING THE ARG(DOMEGA/DIETA)
c

PR2=HPRMN+FLDOAT (N}
DG 14 1I=(,NZ
14 THT(I)=THT(I)-PHI{I)-PBR2

Gy
—rr
e e

[}

NG FIND THE MIJ AMD DRJ CCEFFICIENTS CORRESPONDING T3
ARG(DCMEGA/DZETA) DATA

E &
o0
|

r

i
.

_ DO Zi0 JP=1,N
e 310 ZA(JIP)=CMPLY(THT(Z%#JP-1), THT(2#JP))
: DO 307 NP=1,N

P 307 ZA(NP)=CONJG(ZA(NP))

N Ce L FFT(ZA,B6, IWK)

D 308 JP=1,N

308 ZA(JPY=CONJG(ZA(JP))/ZNN S

Ce. L SHUFL(N,ZA,ZCO) =

Ze INP1)=ZACL) e

. DO 31! NP=i,NRP2P} Lon

- ZA1(NP) = (CONJG(ZA(NP2-NP) ) +ZA(NP)) /2, L

G.1 ZAZ(NP)=ZI#(CONJG(ZA(NPZ-NP))-ZA(NP))/2. S

Zw=ZWEN o

DG 312 NP=:.,NBZP: RSN

1.4..#1‘,/-'“’1’“ "'::"'

c 312 ZCCUNP)I=(ZAL(NPY+ZAZ(NP)I#TW) /2 ' : P
Lx—gifhw

- r 3:3 I=2.NBZ AR

- TW=2ZW*ZWaN Yy

d NP=NBZ2+I S

Z8B=(ZAL(NPZ-NP)+ZAZ(NPZ-MNP)#ZW) /2. T

o 3.3 ZCCI(NP)=CONJG(ZBB) -

A EREAL(ICCO1Y ot

. L.

ZCCINPL)=.5#CONJG{ZAL (1) -ZAZ (1))
" DI(NP1)=REAL(ZCC(NP1))

o Dt 314 NP=Z,N )

' D7INP) =2, 4«REAL(ZCC(NP))

214 DRINP)=-2,26IMAG(ZCCINP))

-~
T
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NGW USE DIJ AND DRJ 7O GET THE NEXT APPROXIMATION OF
ABS (DOMEGA/DZETA)

PODZTO=ALOG(E(2) /PBN)
Zi.C (1) =CMPLX(0.,Q.)
Dfy) 302 JP=2,N
ZCC(JP)=CMPLX(DR(JP)/2.,DI(JP)I/2.)
ZCC(NP1)=CMPLX(0.,C.}
LZA=Z1/ZWEN
DO 303 NP=1,NB2P1}
ZA1(NP)=ZCC(NP)+CONJG(ZCC(NPZ~-NP))
ZanZW#TW2N
203 ZAZ(NP)=ZW# (ZCC(NP)Y-CONJG(ZCC(NP2-NP)))
DG 304 NP=1,nNB2P1
304 ZA(NP)=ZA1(NPY+ZI#ZAZ(NP)
D 309 NRP=2,NB2
08 ZA(NPZ-NP)=CONJG(ZA! (NP) ) +ZI#CONJG(ZAZ(NP))
CalLl FFT(ZA,G,IWK)
CALL SHUFL(N,ZA,ZCC)
Din (1) =DCLRZTO-REAL(ZA(1))
p3 20 K=1,N
F{Z#K-1)=EXP(DR(1)+REAL(ZA(K)))
SL2#K) =EXRP(DR(L)I+AIMAG(ZA(K) ) )
Z¢ CONTINUE

FinN2+1)=F (1)

r3

X
>

oL TO 999
C .
300 WRITE(B,Z203) IT.0OM,DSMX
Z03 FORMAT(//710X,’'DI AND DR ITERATIONS CONVERGED AT 17=
. # ! USING CM = /,FB.3,"’ MAXIMUM ARC LENGTH ZRROR
ﬁ- »  {PE12.3)
. Ca_lL CISPLN(BETA,S,E,THT . KJMX,2,128,1)
WKPLTE(G,220)
- 220 FORMAT(//78X, 'K/, 11, ’S’,19X, 'BETA’, 185X, 'RPHI ", //)
= D] B9 K=1,N2
533 WRITE(G,221¢ K,E{(K)Y,THT(K),PHI(K)
) 221 FORMAT(IS,I1P3E20.B)
. C
: RETURN
£ND
[ad
; SUBROUTINE SIMPSON(ZO,ZN,ABMsN,2Z1)
I~PLICIT REAL(A-H,O0-Y),COMPLEX(2Z)?
D MENSION A(GD) (2(BS)
IF (ZO.NE.ZN) GO TO il
2I=0,
RETURN
N {1 CONTINUE
i ZM=CMPLX(2.«FLOAT (M} ,0.)
2= (IN-2Z0)/2M
-~ NM=N-~1
:f 2920=CMPLX(A(N),B(N))
©t ZSZN=CMPLX(A(N) ,B(N))
[ B-31
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i 10 J=1,NM
BZ0=Z2820#Z0+CMPLX(A(N-J ;B (N-J))
SZN=ZSIN#ZN+CHMPLX(A(N-J) ,B(N=-J))
(O=CEXP(Z8Z0)+CEXP(Z5ZN)
Z2:1=CMPLX(0Q.,0.)
Z.2=CMBLX(0C.,0.)
MM=2xM-1
Do 2¢ I=1,MM
Z72=Z0+CMPLX{FLOAT(I),0.)#2ZH
282Z2=CMPLX(A(N),B(N))
Do 30 J=1,NM
3¢ Z8Z2Z=Z8Z2Z#ZZ+CMPLX(A(N-J) B (N=J))
T (MOD(I,2).NE.OQ) GO TO 31
i2=ZI12+CEXP(25822)
G TO 32
31 2I11=Z11+CEXP(2822)
37 CONTINUE
2 CONTINUE
= ZHA(ZIO+2 . #212+4 ., #211) /3.
REZTURN
END

i

NN

P B

SUBRCUTINE OMDZETA(ZOMST,ZTSTRT,A,B,2ZMGA,ZTAGSZTANSR N, EPS, M, NG)

THIS SUBRCDUTINE PERFORMS THE SAME FUNCTION FOR ICIRC = { AS DQOES

CmMZTA FCR ICIRC = o, NAMELY!:

- FCR ™M NOT EGQUAL TO 1 OR 2, IT RETURNS ZETA (IN ZTANSR) FOR A
CIVEN UVALUE OF SMALL OMEGA (IN ZMGA), USING NEWTON-RAPHSGON

- FCR M = 1, IT RETURNS SMALL OMEGA (IN ZMGA) FOR A GIVEN VALUE
uvF ZETA (IN ZTAGS)

-~ FCR M = 2, IT RETURNS D(SMALL OMEGA)/D(ZETA) (IN ZTANSR) FOR

GIVEN VALJUES OF ZETA (IN ZTAGS!).

THE INTEGRATIONS OF D(SMALL OMEGA)/D(ZETA) ARE DONE IN SUBRCUTINE

SIMPSON.

ZOMST IS THE VALUE OF SMALL OMEGA AT THE START (GF THE INTEGRATION.

ZTSTRT 1S THE VALUE OF ZETA AT THE START OF THE INTEGRATION.

NS IS THE NUMBER QOF STEPS TO BE USED BY SUEBROUTINE SIMPSON,

N IS THE NUMBER OF A AND B COEFFICIENTS.

IMPLICIT REAL(A-H,0-Y),COMPLEX(Z)

DIMENSIDN A(BS),.B(B3)

2 =CMPLX(1.,0.)

Z¥TA=ZTAGS

AM=N-1

IT=

CONTINUE

ZSMA=CMPLX(A(N) ,B(N))

I (M.EQ@.1) GO TO 22

IF (M.EG.2) GO TO 40

CalL SIMPSON(ZTSTRT.ZETA-A,B,NS,N,Z8M)

ZGa=ZSM+Z0MST-IMGA

DG 10 J=1,NM

10 ZSMA=ZSMA#ZETA+CMPLX(AIN=-J) ,B(N=J))

ZnG=CEXP(Z5MA)

uislslsNsReRa ey N RERAES Ny Ne i

¥ ]
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0000000000000

Do 00

ZETCLD=ZETA
ZETA=ZETOLD-2G/2DG
IF (CABS(ZETA~-ZETOLD).LT.EPS) GO TO 20
T=IT+
%é (gﬁéS(ZETA).GT.I.) ZETA=.94ZETA/CARS(ZETA?}
IF (IT.LE.100) GD 70 S
-3
NETURN
20 ZTANSR=ZETA
TURN
22 ggLL SIMPSON(ZTSTRT,.ZETA,A:B,NS,N,ZMGA)
TMGA=ZMGA+ZOMST
RETURN
49 DO 41 J=1,NM
41 ZSMA=ZSMA*ZETA+CMPLX(A(N=-J) ,B(N~-J))
21 ANSR=CEXP(ZSMA)
RETURN
END

SU2ROUTINE ZISPLN(Y:(yE,FyNPyIRTN'NRTN-NPD)

THIS IS A COMPLEX-VALUED VERSION OF CISPLN.

THIS SUBROUTINE FITS A CUBIC SPLINE TD A FUNCTIGN Y(x), DEFINED av
NP PAIRS OF PGINTS. THE SECOND DERIVATIVE GF THE FUNCTION

IS5 PERIODIC, WITH PERIOD Z#PI. IF NPD = 1, THE FUNCTION

ITSELF IS ALSC PERIODIC, WHILE IF NPD = Z, THE FUNCTICN INCREASES
&Y 2.#PI EVERY PERIOD: Y(X+2.#PI) = Y(X) + 2.#PI. SCLUTIONS FCLLCuW
PAGES 9 - 15 OF

THE THEORY OF SPLINES AND THEIR APPLICATICNS, BY J. H. AHLBERG,

E. N. NILSON, AND J. L. WALSH, ACADEMIC PRESS, 1967

NGTE THAT Y,X,E.AND F ARE, RESPECTIVELY, ORDINATE, R3SCISSA,ARESTISSA,
AND ORDINATE.

IMPLICIT COMPLEX(A-H,D~2)

REAL SIZE,DF.DYDX,DA.D8,DC,DL

DIMENSION Y(IBO),X(160)yE(ISO)vF(lSO)'BDA(ZBO)yEM(lGO);H(iBO)
DIMENSION S(160),T(160),Y(160),D(160)

TPI = CMPLX(B.#ATAN(1.),0,)

THIS SEZTICON (ENTERED WHEN IRTN = i) USES THE NP PAIRS QOF INPUT
COORDINATES X AND Y TO FIND THE COEFFICIENTS OF THE SPLINE FIT.

THESE COEFSICIENTS - HERE CALLED EM(KJ) - ARE THE SECOND DERIVATIVES
OF THE FUNCTION,

NPM = NP - i
No= NP o+ |

IF(IRTN.EG.2) GO TO 20
IF(IRTN.EQ.3) GO TO 30
IF(IRTN.EG.4) GO TO 40




LD Om

r-d

3

TH

20

24

D 1 KJ = 2,NP

H{KJ) = X(KJ) = X(KJi=-1)
H{N) = H(2)

DO 2 KJ = 2.NP

BCA(KJ)Y = H(KJ+1)/ (H(KJI+H(KJ+1) 7D
E{Ll) = CMPLK{0.,0.)
FOLl) = CMPLX(G.,0.0)
S(1) = CMPLX({.,0.])

DI 3 KJ = Z2,NPM
DN = 2.0 + (1.0 - BDA(RJI)I®E(KJI-1)

E(KJ) = -BDA(KJ)/DN

DiiJd) =

* B0 ((Y{KJ+1)=-Y(KJ))/H(KJ+1)
* = (VKD =Y(KJI-1))/H(KJ))/ (HIKJ)+H(KJ+1))
S{KJ) = —-(1.0-BDA(KJI))I#G(KJ-1)/DN

FIKJ) = (D(KJ)=(1.0-BDA(KJ))#F{KJ-1))/DN

YIN) = Y(2)

IF(NPD.EQ.2) Y(N) = Y(N) + TPRI

DINP) = G.O®({Y(NI=Y(NP))/H(2)
® =(Y{NP)Y=Y(NPM))/H(NP)}/(H(NP)+H(Z)}

N"MM = NP - 2

TINP) = CMPLX(1.,0.)

VINP) = CMPLX(0.,0.!

DO 6 I = 1,NPMM

Kd = NP - 1

T(KJ? EXRJI=#T(KJ+1) + S(i%d)

VIKS) = SR #U(KI+1) + F(KJ)

CONT INUE

Ex(NMPY = (D(NP)-BDAINP)I#U(Z2)=(L1,0-BDAINP) ) #J(NBM} )/
® (BDA(NP)Y#T(2)+(1.0-BDAINP))#T(NPM) + 2.0)

DG 4 I = 1,NPM

Ke = NP -1

EM(KJ) = E(KJI)®EM(KJI+1) + F(KJ) + S(KJ)#EM(NP}
SIZE = ABS(X(INP)-X(1))/10.0

RZTURN

15 SECTION (ENTERED WHEN IRTN = 2) RETURNS NRTN INTERPOLAT
YALUES OF THE ORDINATE F AT ASSIGNED YALUES OF THE ABSCISSA

KJd = 2

DO 21 J = 1,NRTN

A= E(J)

DA = REAL(A) - REAL (X(KJ))

D. = AIMAG(A) - AIMAG(X(KJI))

DA = DA=*DA + DL#*DL

e = REAL(A) - REAL(MX(KJ=-1))

DL = ATMAG(A) - AIMAGIX(KJ=1))
D3 = 08#DB + DL+«DL

DL = REAL(X(KJ)) = REAL(X(KJ=1))
DL AIMAG(X(KJY) - AIMAG{X(KJ-1))

DC = DC#DC + DL=*DL
if+DA.LE.DC.AND.DB.LE.DC) GO TO 23
Kd = KJ + 1

IF(KJ.LE.NP ) GO TO 24

DF = ABS{A - X(NP))

'Eu
=

b}

MR

4,

2




am ™ .

3
Ve

T T TR

[N

-

Cots

e
\ ﬁ: . ﬁ.l
R
gy bt
£
R e
hl{ ‘(r:?:‘lf' i
Jagie
IS(DF.GT.SIZE) WRITE(G,200) J,E(J) NP, X(NP) ’
200 FORMAT(//10X, ‘WARNING - ENTRY IN CISPLN EXCEEDS END OF BASE /. BN
*  ‘ARRAY’,/SX,’E(’,13,’) = ’,1P2E16.8,’ EXCEEDS X(',iZ,‘) = *, 3thwﬂ
#* 2E16.8) ‘::,‘.:,:;:,:&:,
DS = ABS(A - X(1)) KRR
IF(DF.LT.{(~SIZE}) WRITE(B,201)J,E(J) ,X(1) Q,ggwﬁ
¢! FORMAT(//10X, ‘WARNING - ENTRY IN CISPLN IS LESS THAN THF T®RST-, ———
2 ' BASE POINT', *&r1~'
#  /SX,‘E(’,I13,') = ‘,1P2E16.8,' IS LESS THAN X(i) = 15,8 s ?_.I}-
KJ = NP 2y ‘-"",»i.
23 DXA = X(KJ) - A 1_{i3?.§-'£}_
D¥B = A4 - X(KJ-1) SR
C23A = DXA*DXA*DXA . Za
C8B = DXB*DXB#DXE
F{J) = (EM(KJ-1)#CBA+EM(KJ)2CBB)/6.0/H(KJ)
%+ DXA®(Y(KJ=1)—EM(KJ-1)#H(KJI*¥H(KJ)/B.0)/H(KJ)
2+ DXB#(Y(KJ)=EM(KJ)#H(KJ)#H(KJ)/B.0) /H(KJ)
21 CONTINUE
RETURN
C
C THIS SECTION (ENTERED WHEN IRTN=3) CONVERTS THE NP PAIRS RS
C GF INPUT COGRDINATES X AND Y TO INTRINSIC COORDINATES e
C BETA AND S, WHICHY ARE STORED AS: :
c BETA = REAL(E), § = REAL(F) 3
T NOTE THAT THE SECCND DERIVATIVES CF THIS SPLINE FIT WERE R
C ESTABLISHED IN A PREVIOUS CALL, IN WHICH THE SUNCTION SMALL OMEGS ’
C WAS PASSED IN Y, AND THE APPRCXIMATE ARCLENGTH IN X T
C .-\"._!.
30 D{1)==H(2)#(EM(1)+EM(2)/2.)/3.+(Y(2)=Y (1)) /H(2) ﬁ&ﬁ'.
Di. 31 KJ=2,NP AN S
31 D(KJ)=H(KJ)#(EM(KI=1)/2.+EM(KJI) ) /3. +(Y(KJI=Y(KJI=1))/H(KI) 3&3
DG 32 KJ=1,NP >
DL = ATANZ2(AIMAG(D(KJ) ), REAL(D(KJI)))
E(KJ) = CMPLX(DL.,0O.)
32 IF (REAL(E(KJ)).LT.0.) E(KJ) = E(KJ)+TPI
DO 322 KK=2,NP
IF( (REAL (E(KK) )—REAL(E(KK=1))).LT.(-3.14159265) )E{KK ) =E(KK)+TPI
322 CONTINUE
E(NP) = E(1) + TPI
CF(1) = CMPLX(0.,0.)
DYDX = AIMAG(D(1i))/REAL(D(1))
DEOTK = SORT(1.+DYDX#*#DYDX)*ABS(REAL(D(1)))
DU 33 Ki=2,NP
DSDTO=LSDTK
DYDX = AIMAG(D(KJ))/REAL(D(KJ)) ® e
19827 ARG
SRR
-.:'_-.::\':&:
:"\f:}:";
DYDX = AIMAG(D(KJ))/REAL(D(KJ)) ARG ok
DSDTX = SGRT(1. + DYDX#DYDX)#ABS(REAL (D(KJ)))
DL = ABS(X(KJ)=X(KJ=1)) ‘
3% F(KJ) = F(KJ-=1) + DL*(DSDTO+DSDTK)/2. -
R: TURN \
P
B-35 .
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C N
C THIS SECTION (ENTERED WHEN IRTN = 4) CCNVERTS THE NP PAIRS h“-?{;
C OF INPUT COORDINATES X AND Y TO INTRINSIC CCORDINATES K 6;*&(

E C BETA AND &, WHICH ARE STORED AS: ?,’t:o‘,:':._:,l‘),“
C BETA = REAL(E), S = REAL(F) : IRCANRARN
o

40 CONTINUE
DO 41 XJ = Z,NP
41 H(KJ) = X(KJ! - X(KJ-1)
H{N) = H(Z2)
DO 42 KJ = 2,NP
42 BDA(KJI) = H(KJ+1)/(H(KJ)+H(KJ+1))

e |

E{1) = CMPLX(0D.,0.) -
o F(l1) = CMPLX(0.,0.)} N
S(1) = CMPLX(1.:0.) e
D2 43 KJ = 2,NPM ORI
. Dn = 2. + BDA(KJI#E{(KJI-1) NN
F- E(KJ) = (BDA(KJ) - CMPLX(1.,0.))/DN LN
: DIKJ) = 3,2 (BDA(KI = (Y(KII=Y(KI-1))/H(K .,
x + (CMPLY(:.,0.) = BDACKI) I # IV IKI+1 =Y iRy )i s,
B S5(KJ) = - BDA(KJ)I#S(KJI—-1)/DN
{; 43 S(KJ) = (D(KJ) — BPDA(KJ)®#F(KI-1))/DN

YIN) = YA(2)
. IF(NPD.ER.Z2Y Y(N) = Y(N) + TPI
}b DINP) = J.#(BDANP)# (Y (NP)-Y (NPM})/HINP)
* + (CMPLX(1.,0.)=-2DAINPYI®(Y(2)=-Y(NP))/H(2)}
| NPMM = NP - 2

s TINP) = CMPLX(1.,0.)
K UINP) = CMPLX(0.,0.)
DO 46 I = 1,NPMM

K = NP - I
" T(KJ) = E(KJI*#T(KJ+1) + S(KJ)
. ViKJ) = E(KJI*U(KJ+1) + F(KJ)

45 CONTINUE

= EMINP) = (D(NP)+(BDA(NP)-CMPLX(1.,0.))#U(2)~BDAINP}
o *  ®U(NPM))/((CMPLX(1.,0.)~BDA(NP))#T(2)+BDAINP) #T (NPM)

x4+ CMPLX(Z.,0.))
~ DO 44 I = 1,NPM

KR = NP - 1
44 EM(KJ) = E(KJISEM(KI+1) + F(KJ) + S(KJI#EM(NP}
SIZE = ABS{X(NP)-X(1))/10.

A L. 47 KJ = i.NP
- 47 D(KJ) = EM(KJ)

DO 48 K. = 1,NP

D = ATANZ(AIMAG(D(KJ)) , REAL(D(KJ)))

EtKJY = CMPLX(DL,O.)

48 IF(REAL(E(KJ)).LT.0.) E(KJ) = E(KJ) + TPI

D2 422 KK = Z,NP
] IF((REAL (E(KK))-REAL(E(KK=1))) ., LT.~3.141592685)E(KK)=E{XK)+»T0O]
r 422 CONTINUE

E(NP) = E(1) + TPI
- Fi{l) = CMPLX(0.,0.)

[; . B-36
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DYDX = AIMAG(D(1))/RSAL(D(L))

DGDTK = SGRT(L.+DYDX#DYDX)®*ABS(REAL(D(1)))
DO 433 KJ = 2,NP

DPSDTO = DSDTK

DYDX = AIMAG(D(KJ))/REAL(D(KJI))

DSDTK = SGRT(L1.+DYDX#DYDX)#ABRS(REAL(D(KJI) )
D= ARS(X(KIY-X{KJ=-1

FIKJIY = F(KJ-1) + DL=(DSDTO+DSDTK)/2.
RETURN

END

SUBROUTINE OMZTDR(DR.DI,ZETAB,ZTA,ZOMA,KMX,LMX, I0E)
IMPLICIT REAL(A-H,0-Y),COMPLEX(Z)

THIS SUBROUTINE INTEGRATES D(SMALL OMEGA)/D(ZETA BY THE
TRAPEZDIDAL RULE TO FIND THE GRID IN THE SMALL-COMEIGA PLANE.

T

HAKES SOME SMALL ADJUSTMENTS IN THE VALUES OF THE

DERIVATIVES, 50 AS TO MAKE THE RESULTS PERIGDIC.

DIMENSION ZTA(10,40),2DVU(10,40),25TR(10),ZOMA{L0,40)
DPMENSION DR(BS),DI(GBS?

Zr = CMPLX(1..,0.)

DO 106 X = 1,KMX

0o 20 L 1,LMX

ZTAGS = ZTA(L.K)

CALL OMDZETA(Z!,2Zi,DR,DI,.Z2{,2ZTAGS,ZT7TANSR,BS,1.,2,1)
ZUR(L,K) = ZTANSR

CONTINUE

CONTINUE

KMKXHY = (KMM+1)/2

KM = KMKH - 1

KMXP = KMX + 1

KP = KMXH + 1

INTEGRATE FIRST ALONG THE PERIODIC BOUNDARY:

27

IF

XKASE = 1
IF(IDE.EQ.1) GO TO 1!

ICE EQUALS O/1, SMALL OMEGA = ~-i. IS NOT/I3 A GRID 20INT

CAaLt OMDZETA(Z1,2!{,DR,DI.Z!,2ETAB,ZTANSR,B5,1.,2,1)
IF{KASE.ER.2) ZTANSR = ZR#ZTANSR
ZAMP (LMK, KMKH) = =Z1+0,.S# (ZTANSR+ZDV (LMK, KMXH) ) = (ZTa (LM, KM

# - ZETAB)

G TO 12
ZOMA LMY, KMKH) = =21

2 CCNTINUE

DD 25 J = 1

r KM
K = KMXH - J
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NOW

a2

43
*

£Q

IOMACLMX,K) = ZOMA(LMX,K+1)+0.S# (ZDU(LMX,K)+ZDV (LMK, K+1))
#(ITALMY,K)=ZTA(LMY,K+1))

IF(KASE.EQ.2) GO TO 28

= Z2.#Z1/(20MACLMX,1)+2Z1)

bD 26 K = 1,KMXH

ZDU(LMX,K) = ZR#ZDV(LMX,K)

KASE = 2

GG TO 27

CONTINUE
DO 29 I = 1,KMXH
20MA LMK, KMXP-1) = ZCMA(LMX,I)

INTEGRATS FROM THE 2LADE SURFACE TO THE PERIDDIC BOUNEDARY:
DO 40 K = 1,KMX
ZSTR(1) = ZOMA(1.,K)
DD 41 L = Z2,LMX
ZSTR(L)Y = ZSTR{L~1)4+0,.S#(ZDVW(L,K)+ZDV(L-1,K) )+

(ZTA(L,K)-2ZTAIL-1,K))

2R = (ZCMACLMK,K) —~ ZOMACL,KY)/Z(ZSTRILMXYY - ZOMAIL,X))

DO 42 L = 1.,LMX

IDVLL, X)) = ZR#ZDVIL,X)

00 43 L = Z,LMX

IOMAL,K)Y = ZOMACL-1,K)+0. 54 (ZDY(L, K y+20V(L~-1,K)o=
(ZTA(L,K)-ZTA(L-1,%))

CONTINUE

RETURN
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Appendix C

DICTIONARY OF VARIABLES

FORTRAN SYMBOL ‘é'dg‘fsm% DEFINITION, USE, COMMENTS
A(J), B(J) A 83: Eq. 2-20, 2-21
AK £ = S Eq. 2-23
AKP £ =v1-£2 Eq. 2-30
AXQ £° -
ALM A Eq. 2-31
CAPK K '(&) Eq. 2-34
CAPKPM K'(%" Eq. 234
DLT ) Eq. 2-28
DXIM, DXIR Re (88), A, (82) Eq. 2-38, 4-4
EX 1/(2 - 'T'z;.‘) See Figure 2
EXINV z- = -
i3
G, H G, H See Figure 1
HCPKPM -2'- K'(#') .
oM - Relaxation factor used in
¢ , & mapping
T
PBN ~ -
PHI @ -
SGA a Eq. 2-31
ss S Eqs. 2-23
TAU T Eq. 2-28
c-1
e e e e e e T e




FORTRAN SYMBOL Qéﬁ'fx'mﬁ-r DEFINITION, USE, COMMENTS
TPI 27T -
XIR, XIM Re (£), o (£) -
ZA(N) A Eq. A-9; used elsewhere
for temporary storage
zB b Eq. 2-9
ZC < Eq. 2-9
ZD a Eq. 2-9
z1 Wary -
IZN, T, ZLE, ZTE Z,, 2, See Figure 1
ZAL, ZBT, ZGM o, B,3 Eq. 2-22
ZAL(N), ZA2(N)," A,mm) , A, ny, See, for example, Eq.
ZCC(N) A-9. Also used for
Cn) temporary storage
ZBOM 0 -
ZBOMK el K
ZEETA rl -
ZETA z -
ZNTRD centroid of the ew-plane
ZOMSTR £ - plane image of ZNTRO
ZOMS (K), ZOMP(K) W , Wy -
ZPLUS, IMINUS nt, Qs Eq. 1-6
X1 é -
ZXY Xy
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Appendix D SIS
* X
LISTING OF METRIC GENERATOR PROGRAM oAl

| YR ey
& {‘ ) v"»
n’_ k‘} ",'
P 4 [ & 2
-
WRAE

T

(o)

b B e 4

L]

LEVEL 21.7 ( DEC 72 ) 0S/360 FORTRAN H

COMPILER OPTIONS - NAME= MAIN,0PT=02,LINECNT=60,SIZE=0000K,
SOURCE ,EBCDIC,NOLIST.NODECK,LOAD,MAP ,NOEDIT,ID,XREF

‘r

PROGRAM CIMTVL - A PROGRAM TO CALCULATE THE METRICS OF A COORDINATE
TRANSFORMATION FIOR THURBOMACHINERY CASCADES. FOR DOCUMENTATION,SEE:

J. P. NENNI AND W. J. RAE, ZXPERIENCE WITH THE DEVELOPMENT OF
AN EULER CODE FOR ROTOR ROW5, ASME PAPER 83-GT-~36., MARCH 1983
W. J. RAE, A COMPUTER PROGRAM FOR THE IVES TRANSFORMATION IN
TURBOMACHINERY CASCADES, AFUSR TR-81-0154, ADA0O96416, NOV 1980
W. J. RAE, MODIFICATIONS OF THE IVES-LIUTERMOZA CONFORMAL-
MAPPING PROCEDURE FOR TURBOMACHINERY CASCADES, ASME PAPER
83-GT-116, MSRCH 1983 i

W.J. RAE, REVISED COMPUTER PROGRAM FOR EVALUATING THE IVES
TRANSFORMATION IN TURBOMACHINERY CASCADES, CALSPAN CCRPORATION
REPORT 7177-A-1, JULY 1983

THE PRTGRAM READS A CARD DECK CONTAIMING THE COORDINATES X(K,L) ,
Y(K,L) § K = 1,KMX ; L = 1 ,LMX, AND FINDS BY FINITE DIFFERENCES

THE METRICS OF A TRANSFORMATION TO A RECTANGLE(KSI,ETA)., IN THIS
RECTANGLE, THE IMAGE OF THE BLADE SURFACE LIES ALONG ONE SIDE, AND
TYE IMAGES OF THE POINTS AT INFINITY LIE AT CORNERS OF THE RECTANGLE
(SEE THE REFERENCES ABOVE). THE METRICS ARE WRITTEN ON TAPE 1.

ro

OO0 00O0000000

‘ 1SN 0002 IMPLICIT REAL *8(A-H,0-2)
- 1S4 0003 DIMINSION Q(410,86)
ISN 0004 REAJ(5,100) KMX,LMX
, 1SN 0005 100 FORMAT(2014)
I1Sd 00056 REA::5,101) SG
ISN 0007 101 FORMAT(8710.4)
c
C SG IS THE SLANT GAP BETWEEN BLADES
c
. ISN 0008 DO 10 K = 1,KMX
- ISM 0003 KMILMX = (K-1)*LMX
ISt 0010 LKA = KMILMX + 1
X 1S4 0011 LKB = KMiLMX + LMX
- ISN 0012 10 READ(S,200)((Q(LK,5),Q(LK,6)),LK=LKA,LKB)
- ISN 0013 200 FORMAT(1P4E20.13)
- c
C OQ(LK,5) CONTAINS X(K,L), Q(LK,6) CONTAINS Y(K,L)
. ISN 0014 KM=XMX~1
. IsSH 0013 LM=LMX~1
c
C =--- SET X AND Y AT K=KMX AND L=1
- c
. ISN 0015 LK=KM*LML+1
1SN 0017 Q(LX,5)=Q(1,5)
ISy o018 Q(LK,6)=Q(1,6)
- C
N C --- FIND X AND ¥ AT K=1 AND L=LMX
T C
1S4 0019 Q(L'X,5)=200%3(LM,5)-Q(LMX-2,5)
. ISy 0022 Q(LMX,6)=2D0*Q(LM,5)-Q(LMX=2,56)
- C
C --- FING X AND Y AT K=XMX AND L=LMX
c

S L I S
8t e e
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ISN
ISN
ISN
ISN
Isi

IsH
ISN

ISN
ISN
ISN
ISN
ISN
1SN

ISN
ISN
ISN
ISH

ISN
ISN
ISN
ISN
ISH

ISN
ISN

ISN
IsSw
ISH
ISN
ISN
ISN
ISN

Is¥
ISN
ISN
1SN
ISn
ISN

ISN
ISN
ISN
IS
IsH

0021
0022
0023
0024
0025

0026
0027

0023
0029
0030
0031
0032
0033

0034
0036
0033
0040

0042
0043
0044
0045
0046

0047
0049

00S1
0052
0053
0054
0053
00556
0087

0053
0059
0060
0061
0062
0063

0064
0065
0066
0067
0068

o000

[(2X3XKe]

[(2XeKg]

[2XeXg]

501

504

505

LK=KMX*LMX

Q(LX,5)=2D0*Q(LK-1,
Q{LK,6)=2D0"Q(LK-1,
TOELXI=4DO0/DFLOAT(K
TDELZT=2D0/DFLOAT(L

Xuvnm
~—

DO 520 K=1,KM¥
KMILMX=(K=-1)"iMX

DO 510 L=1,LMX
LK=XMILMX+L
LP13LK+1
LMlaLK-1
KP1=LK+LMX
KM1=LK~LMX

IF(X.EQ.1) GO TO 501
IF(K.EQ.KMX) GO TO 501
IF(L.EQ.1) GO TO 504
IF(L.EQ.LMX) GO TO S0§

K=2 TO KM AND L=2 TO LM

OXDXI=(Q(KP

1,5)-Q(KM1,5))/TDELXI
DYDXI=(Q(KP1,

1'

1,

)
)-Q(KM1,6))/TDELXI
DXDZT=(Q(LP )
DYDZT=(Q:LP )
GO TO S093

5
6
5)-Q(LM1,5))/TDELZT
6)-Q(LM1,6))/TDELZT
IF(L.EQ.1) GO TO S10
IF(L.EQ.LMX) GO TO 510

K=1 OR KMX AND L=2 TO LM

LKZ2=LMX+L

LKKM=(KM=~1)*LMX+{
DXOXI=(Q(LK2,5)-Q(LKKM,5))/TDELXI
DYDOXI=(Q(LK2,6)-Q(LKKM,56))/TDELXI
OXD2T=(Q(LP1,5)-Q(LM1,5))/TDELZT
DYDZT=(Q(LP1,5)-Q(LM1,6))/TDELZT
GO TO S09

L=1 AND K=2 T3 KM
LK1=KMILMX+1

LK2=LKIi+1
LK3=LK2+1

DXDZT=(~300*Q(LK!,5)+400*Q(LK2,5)~-Q(LK3,5))/TDELZT
DYDZT=(~3D0*Q(LK1,6)+4D0*Q(L¥2,6)~Q(LK3,6))/TDELZT

GO TO 506
L=LMX AND K=2 TO KM

LKS=(KMX-K)*LMX+LM

LKBaKMILMX+LM
DXDZT=(Q(LKS,5)-Q(LKB,5))/TDELZT
DQ=%G

IF(K.GT.XMXH) DQ=-5G

D-2

(CENTERED DIFFERENCES)




ONIONER > |

ISN

ISN
ISN

1SN

ISN
1S4
ISN
ISN
ISN
ISH

ISN

ISN
ISN

0070

0071
0072

0073

0074
0073
0076
0077
0078
0079

0080

0087
00838

[}

OO0 O

a0 000

DYDZT=(Q(LKS,6)+DQ-Q(LKB,6))/TDELZT

506 DXDYI=(Q(KPI1,5)-Q(KM1,5))/TDELXI
DYDAI=(Q(KP1,6)-Q(KM1,6))/TDELXI

§09 ROMI=(DXDXI*DYDZT-DXDZT*DYDXI)
STORE DERIVATIVES IN THE ORDER DKSI/DX,DKSI/DY,DETA/DX,DETA/DY

Q(L'¢,1)=0YDZT/RDML
Q(LK,2)=-DXDZT/RDM]
Q(LK,3)=-0YDX1/RDM1
Q(LK,4)= DXDXI/RDM1
510 CONTINUE
520 CONTINUE

STORE DERIVATIVES ON TAPE 1

LKMX=LMX*KMX
WRITE(1) KMX,LMX,LKMX,((Q(I,J),I=1,LKM{),J=1,4)

STOP
END

D-3
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